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ABSTRACT

The advent of time-domain astronomy has led to the discovery of a plethora of energetic transient phenomena
showcasing a wide range of luminosities and durations, the latter spanning from a few seconds to a few
months. While photons remain our primary observational tool, at high-energy they can interact with matter
and radiation in their journey from the source to Earth, therefore carrying limited information about distant
sources. Consequently, unraveling the mechanism powering transients solely through electromagnetic
radiation can pose significant challenges, and the nature of most of these sources remains puzzling. Yet
astrophysical transients also act as cosmic accelerators, producing cosmic rays and high-energy neutrinos,
and they can emit gravitational waves. As each of these messengers carries unique information about their
source, only by combining them can we gain a deep understanding of the most powerful phenomena occurring
in the cosmos. Within the vibrant landscape of multi-messenger astronomy, the focus of this thesis is on
high-energy neutrinos. Due to their feeble interaction with matter, neutrinos can travel large distances almost
unhindered and therefore stand out as unique probes of the high-energy sky. This thesis endeavors to assess
the potential of high-energy neutrinos to unravel the enigmatic nature of some transient phenomena.

The first part of this thesis offers a broad overview of multi-messenger astronomy and its current status,
followed by a discussion on particle acceleration and radiative processes in high-energy astrophysics. Next,
relevant transient sources and their connection with high-energy neutrinos are outlined. Finally, the thesis
provides an overview of the currently operating and forthcoming electromagnetic as well as high-energy
neutrino telescopes. These introductory Chapters pave the road towards discussing the potential of combining
multi-wavelength and high-energy neutrino data.

The second and third parts of the thesis showcase original results from the published works concluded
during the doctoral studies of the Ph.D. candidate. The first work presented in the second part makes use
of state-of-the-art general relativistic magneto-hydrodynamic simulations of collapsar jets to show that
high-energy neutrino production in regions deeply embedded in the outflow is favored only if the jet is
magnetized. Importantly, this work proves that the subphotospheric high-energy neutrino signal is highly

sensitive to the jet magnetization and can be used to reveal the presence of a choked jet in the source. The
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second work included in this part of the thesis investigates high-energy neutrino production at the optical
jump, namely the sudden rebrightening observed in the optical lightcurve of some gamma-ray burst (GRB)
afterglows. Notably, the findings of this work hint that high-energy neutrinos can enable us to test the medium
surrounding the burst. The final work included in this part focuses on GRBs whose afterglow is observed at
very-high-energy (VHE, > 100 GeV). By making use of multi-wavelength data and by requiring that the
blastwave is transparent to y — vy pair production at the time of observation of VHE photons, this work hints
that VHE GRBs may occur in low-density environments. These findings may have crucial implications for
the progenitors of VHE GRBs.

High-energy neutrinos can also be combined with multi-wavelength data to probe the mechanisms powering
emerging classes of high-energy transients, as outlined in the third part of the thesis. The first work presented
in this part reveals that high-energy neutrinos can disentangle the mechanism powering Luminous Fast Blue
Optical Transients (LFBOTs) while also constraining a region of the parameter space otherwise allowed
by electromagnetic observations. Finally, we conclude this thesis with a work outlining the best strategy to
carry out multi-messenger follow-up searches of transients stemming from collapsing massive stars. The key
findings of this study prove that the neutrino signal is strongly correlated with the radio and X-ray bands if
the transient is powered by interaction with a dense circumstellar medium and the spindown of a central

magnetar, respectively. Importantly, this final work also proves that combining radio and X-ray data with the

infrared-optical-ultraviolet lightcurve is pivotal to breaking the degeneracies in the transient parameter space.

As of today, high-energy neutrino astronomy is an extremely vibrant field. While the IceCube Neutrino
Observatory successfully measured the diffuse flux of high-energy neutrinos, pinpointing their origin is
extremely challenging due to the limited sensitivity of current instruments. Likewise, an increasing number of
high-energy neutrinos is detected in association with astrophysical transients. Emerging neutrino telescopes
such as IceCube-Gen2, KM3NeT, and GRAND anticipate a substantial enhancement in the detection
capabilities of high-energy neutrinos, and they will finally give us the possibility to collect a large number
of neutrino data. At the same time, the number of observed astrophysical transients is going to increase
exponentially in the near future as high-cadence, wide-field surveys come online. With these encouraging
developments on the horizon, we can expect to delve even deeper into the nature of the transient sources

investigated in this thesis, unraveling further insights into their multi-messenger emission.



ABSTRAKT

Fremkomsten af tidsdomane-astronomi har fgrt til opdagelsen af en overflod af energiske forbigdende
astrofysiske fenomener, kaldet transienter. Transienter kan have en bred vifte af lysstyrker og varierende
tidsperioder fra fa sekunder til f maneder. Fotoner er stadig vores primare observationsverktgj, men ved
hgj energi kan de vekselvirke med stof og straling pa deres rejse fra deres oprindelige astrofysiske kilde
til Jorden, og derfor har de begrenset information om fjerne kilder. Derfor kan det vaere en udfordring
kun at opklare den mekanisme, at forklare den mekanisme, der driver transienter, ved udelukkende at
bruge elektromagnetisk striling, og de fleste af dem er stadig gddefulde. Men astrofysiske transienter kan
fungere som kosmiske acceleratorer, der producerer kosmisk straling og hgjenergi-neutrinoer, og de kan
ogsd udsende gravitationsbglger. Da hver af disse budbringere barer unik information om deres kilde, er det
kun ved at kombinere dem, at vi kan fa en dyb forstdelse af de mest kraftfulde fenomener, der forekommer
i kosmos. I det pulserende landskab af multi-messenger-astronomi er fokus i denne Ph.D.-athandling pa
hgjenergi-neutrinoer. P4 grund af deres svage vekselvirkning med stof skiller neutrinoer sig ud som unikke
sonder af hgjenergihimlen, da de kan rejse over store afstande nasten uhindret. Denne athandling forsgger at
vurdere potentialet i hgjenergi-neutrinoer til at opklare den gaddefulde natur af transienter.

Den fgrste del af denne Ph.D.-athandling giver et bredt overblik over multi-messenger-astronomi og
dens nuvarende status, efterfulgt af en diskussion om partikelacceleration og stralingsprocesser i hgjenergi-
astrofysik. Dernest skitseres relevante transiente kilder og deres forbindelse til hgjenergi-neutrinoer.
Endelig giver afhandlingen et overblik over de nuverende og kommende elektromagnetiske teleskoper samt
hgjenergi-neutrinoteleskoper. Disse indledende kapitler baner vejen for at diskutere potentialet i at kombinere
observationer af multi-bglgeleengder med data for hgjenergi-neutrinoer.

Anden og tredje del af afhandlingen fremviser originale resultater fra de publicerede artikler, der blev
afsluttet under Ph.D.-kandidatens studier. Den forste artikel, der prasenteres i anden del, ggr brug af
state-of-the-art generelle relativistiske magneto-hydrodynamiske simuleringer af collapsar jets for at vise,
at hgjenergi-neutrinoproduktion i regioner, der er dybt indlejret i udstrgmningen, kun favoriseres, hvis

strdlen er magnetiseret. Dette studie beviser et meget vigtigt fenomen: det at det subfotosfzriske hgjenergi-



neutrinosignal er meget fglsomt over for jetmagnetiseringen, og det kan bruges til at afslgre tilstedevaerelsen
af en kvalt jet i kilden. Den anden artikel i denne del af afhandlingen undersgger produktionen af hgjenergi-
neutrinoer ved det optiske spring, nemlig den pludselige opblomstring, der er observeret i den optiske
lyskurve for nogle efterglgder fra gammaglimt (GRB; gamma-ray burst). Resultaterne af dette arbejde
antyder iser, at hgjenergineutrinoer kan ggre det muligt for os at teste mediet omkring udbruddet. Det sidste
arbejde, der er inkluderet i denne del, fokuserer pdA GRB’er, hvis efterglgd observeres ved meget hgj energi
(= 100 GeV). Ved at ggre brug af data fra flere bglgelengder og ved at kraeve, at eksplosionsbglgen skal
vare gennemsigtig for y — y parproduktion pa tidspunktet for observation af fotoner af meget hgj energi
(VHE; very-high-energy), antyder dette studie, at VHE GRBs kan forekomme i miljger med lav densitet.
Disse resultater kan have afggrende betydning for, hvordan VHE GRBs opstar.

Hgjenergi-neutrinoer kan ogsa kombineres med multi-bglgeleengdedata for at undersgge den mekanisme,
der driver nye klasser af hgjenergi-transienter, som skitseret i tredje del af athandlingen. Det fgrste artikel,
der prasenteres i denne del, afslgrer, at hgjenergi-neutrinoer kan opklare mekanismen bag Luminous Fast
Blue Optical Transients (LFBOTs), samtidig med at de begrenser et omrade af parameterrummet, der ellers
er tilladt af elektromagnetiske observationer. Endelig konkluderer vi dette med en artikel, der skitserer den
bedste strategi til at udfgre multi-messenger opfglgningssggninger af transienter, der stammer fra kollapsende
massive stjerner. De vigtigste resultater af dette studie viser, at neutrinosignalet er staerkt korreleret med
radio- og rgntgenbandene, hvis transienten er drevet af interaktion med henholdsvis et tet circumstellart
medium og spindown fra en central magnetar. Det er vesentligt, at det i denne artikel ogsa bliver bevist, at
kombinationen af radio- og rgntgendata med den infrargd-optiske-ultraviolette lyskurve er afggrende for at
bryde udartethederne i transientens parameterrum.

I dag er hgjenergi-neutrinoastronomi et ekstremt levende felt. Selvom IceCube Neutrino Observatory
med succes har malt den diffuse flux af hgjenergi-neutrinoer, er det ekstremt udfordrende at lokalisere
deres oprindelse pé grund af den begrensede fglsomhed af de nuvarende instrumenter. Ligeledes bliver et
stigende antal hgjenergi-neutrinoer detekteret i forbindelse med astrofysiske transienter. Med udviklingen af
nye neutrinoteleskoper som IceCube-Gen2, KM3NeT og GRAND forventes der en betydelig forbedring
af detektionsmulighederne for hgjenergi-neutrinoer, forventes der en betydelig forbedring. Samtidig vil
antallet af observerede astrofysiske transienter stige eksponentielt i den ne@rmeste fremtid, efterhdnden som

hgj-kadence, wide-field surveys vil komme online. Med disse opmuntrende udviklinger i horisonten kan vi
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forvente at dykke endnu dybere ned i naturen af de transiente kilder, der undersgges i denne afthandling, og

afdekke yderligere indsigt i deres multi-messenger udledning.
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e Part i: Introduction

e Part ii: Multi-messenger emission from long gamma-ray bursts
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* Part iv: Summary and conclusions

e Part v: Appendices

Part i offers a broad introduction to multi-messenger astronomy, particle acceleration, and electromagnetic
and high-energy neutrino production in astrophysical transients, as well as an overview of the transient
phenomena discussed along the thesis. Parts ii and 1iii of this thesis consist of the reprints of the following
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Each chapter of the thesis corresponding to a given publication is followed by a section named Critical
Outlook, which provides a brief overview of the project and critically outlines the findings of the corresponding
publication from a state-of-the-art standpoint. Part ii consists of publications 1, 2, and 3, while Part iii
consists of publications 4 and 5.

Part iv summarizes the main findings of this research, highlights some of its limitations, and suggests
possible future directions of our work. Finally, Part v contains the appendices of each publication, not

included in the main body of the thesis.
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“ There are many reasons to treat each other
with great tenderness. One is

the sheer miracle that we are here together
on a planet surrounded by dying stars.”

Rosmerry Wahtola Trommer

“I believe in pink.”

Audrey Hepburn



Part 1

INTRODUCTION



MOTIVATION

Since the dawn of time, humanity has been gazing at the night sky, amazed by the light emitted by stars.
As technologies advanced, our ability to unravel the mysteries of the Universe also evolved. Once merely
able to observe visible light, we can now detect photons across a wide range of wavelengths, accessing
astrophysical sources through the radio, infrared, optical, ultraviolet, X-ray and gamma-ray wavebands [, 2].
These remarkable advancements in the field reached their zenith with the advent of time-domain astrophysics.
The unprecedented time and energy resolution reached by high-cadence and wide-field telescopes led to the
discovery of a broad range of energetic astrophysical phenomena responsible for the production of bright
bursts of particles [3]. The luminosity and durations of these transients— astrophysical sources with duration
ranging from a few seconds to a few months— exhibit a large variety, however the nature of most of them
remains elusive and puzzling.

Yet over the past century, we have witnessed one of the most exciting advancements in astronomy. First,
the discovery of cosmic rays unveiled the existence of energetic protons and heavy nuclei accelerated in
cosmic sources [4]. Subsequently, the detection of neutrinos from the Sun established the pivotal role of these
elusive particles in astrophysics [5], a notion further strengthened by the thrilling observation of neutrinos of
extragalactic origin from supernova SN 1987a [6, 7]. It was not until 2013 that high-energy (TeV-100 PeV)
cosmic neutrinos were first detected, giving rise to the vibrant field of high-energy neutrino astronomy [8].
The latest breakthrough in astronomy unfolded in 2015 with the detection of gravitational waves [9]. No
longer bound solely to photons, we can now explore the Universe through multiple messengers. These
exciting discoveries collectively marked the dawn of the multi-messenger astronomy era.

In this dynamic landscape, high-energy particles offer the unprecedented opportunity to probe the extreme
Universe in a novel way, by combining the unique information carried by each messenger. Yet decoding
detailed information on Earth may be challenging due to the properties of the specific particle and the
underlying detection techniques. For instance, high-energy photons undergo several absorption processes in

the source and on their way to Earth before being detected, therefore they carry poor energy information [10,
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11]. Similarly, cosmic rays are deflected multiple times before reaching the Earth, weakening the information
on the direction of their source. In contrast, high-energy neutrinos stand out as unique probes of the extreme
Universe. With their small cross section, nearly null mass, and neutral charge, these particles can escape very
dense environments and reach terrestrial detectors almost unhindered, pointing back to their source.

The exceptionally high energy reached by cosmic rays, gamma-rays, and neutrinos hints that cosmic
sources act as particle accelerators. Neutrinos and photons are expected to result from the decay of secondary
particles, produced when accelerated protons undergo photo-hadronic (p7y) and hadronic (pp) interactions
with the radiation and proton backgrounds in the source, respectively.

From the theoretical requirement that the source magnetic fields should be able to confine charged particles
in order to accelerate them to high-energies, some sources appear to be ideal cosmic accelerators [12]. In
particular, transients are very promising targets for multi-messenger astronomy searches due to their large
luminosities and short durations. Importantly, a growing number of high-energy neutrinos is detected in the
direction of astrophysical transients at the IceCube Neutrino Observatory, located in the South Pole [13].
Although a handful of transients have been suggested as factories of high-energy neutrinos, the origin of
the most energetic particles ever observed remains largely unknown. On the other hand, both time-domain
and multi-messenger astronomy are poised to experience a huge leap in the near future. New telescopes
and detectors are on the horizon, promising unparalleled sensitivities both for photons and high-energy
neutrinos. Among these, the Vera C. Rubin Observatory [14] and ULTRASAT [15] will provide us with
the unprecedented opportunity to catch swiftly transients that evolve in few days. Furthermore, many
(ultra-, > 100 PeV) high-energy neutrino telescopes will come online soon, such as IceCube-Gen?2 [16],
the Giant Radio Array for Neutrino Detection (GRAND200k) [17], and the spacecraft Probe of Extreme
Multi-Messenger Astrophysics (POEMMA) [18]. They will lead to an exponential growth in the number of
known transients, and they will allow us to finally collect a large number of high-energy neutrino events.

As time-domain and multi-messenger astronomy herald a future of exciting discoveries, intense theoretical
effort is needed to keep pace with the rapid advancements in observational techniques. The works contained in
this thesis provide detailed modelling of particle acceleration and high-energy neutrino production processes
in a variety of astrophysical transients. This thesis offers insights on the possibility of using neutrinos to
disentangle the mechanism powering transients, whereas existing theoretical models for electromagnetic

radiation are plagued by degeneracies. It also provides a valuable roadmap to carry out informed multi-
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messenger searches of astrophysical transients by combining multi-wavelength and high-energy neutrino
data. Our work proves that only by leveraging multi-messenger synergies can we shed light on the most

energetic and puzzling phenomena occurring in our Universe.
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THE LANDSCAPE OF MULTI-MESSENGER ASTRONOMY

The vibrant and growing field that combines different particles and messengers to explore the cosmos is
called multi-messenger astronomy, and it will be introduced in this Chapter. In Section 2.1, we provide an
overview of the history and properties of the different cosmic messengers. Subsequently, in Section 2.2 we
highlight the state-of-the-art of multi-messenger astronomy and its biggest milestones achieved over the past

years.

2.1 LOOKING AT UNIVERSE THROUGH MULTIPLE MESSENGERS

As of today, we can probe the Universe through photons, cosmic rays, neutrinos and gravitational waves. In

the following, we give a brief overview of each of the four messengers.

— Photons still remain the primary source of information from astrophysical sources. It was not until
the first half of the 20" century that radio astronomy developed [1], marking a significant leap in our
observational capabilities, before limited to the optical light only. However, we had to wait for the
second half of the century to access higher energy wavebands, with the first observations of X-rays and
gamma-rays [2, 19]. The information about the electromagnetic diffuse flux detected on Earth across
all the wavebands was first collected by Ressel and Turner, in the so called Grand Unified Photon

Spectrum, shown in Fig.1.

The inspection of the photon signal over multiple wavebands provides us with valuable insights into
different processes, regions and timescales within the same astrophysical source. Different wavelengths
also dictate the choice of observational technique, as the interaction of photons with their surrounding

must be carefully taken into account.

Electromagnetic spectra observed from astrophysical sources can be broadly classified into two main

categories: thermal and non-thermal. Thermal spectra are generated by the motion of hot particles and
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Figure 1: The Grand Unified Photon Spectrum, showing the diffuse flux of photons observed on Earth across all the accessible wavelengths. Figure from
Ref [20].
are described by a black-body distribution. On the other hand, non-thermal photons typically exhibit
a power-law distribution, shaped through the cooling of accelerated particles. We will provide an
overview of both kinds of spectra in Chapter 4. While non-thermal photons could serve as probes of
acceleration processes taking place within the source, our access to the high-energy sky is significantly
limited by the opacity of the Universe above ~ 10'> eV[21], as shown in Fig. 2. High-energy
gamma-rays interact with the Cosmic Microwave Background (CMB) photons and undergo pair

production and inverse Compton scattering processes, that is,

y+yome — e +e (2.1)

e“+yomp — € +y, 2.2)

respectively. As a result, gamma-rays are scattered to lower energies. Over cosmic scales (~ Gpc),
gamma-rays are also affected by interactions with the Extragalactic Background Light [22]. We
conclude that, although photons effectively enable us to probe nearby sources, their suitability for

exploring the edges of the Universe drastically diminishes at high energies [23].

— Cosmic rays are charged particles that continuously bombard the Earth. First discovered by Victor
Hess in 1912 through balloon experiments [4], cosmic rays are currently detected over a wide range

of energies and up to the ultra-high-energy scale (UHE, ~ 10'® V). However, their detection at the
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Figure 2: Distance at which the Universe becomes opaque to electromagnetic radiation, as a function of the photon energy. Figure from Ref. [16].

highest energies is challenging, due to their flux decreasing as oc E~%7. Approximately, we receive 1

particle/m? s at 10'! eV, 1 particle/m? yr at 10'® eV and 1 particle/km? yr at 10'8 V.

Similarly to photons, different observation techniques must be employed to catch cosmic rays across
multiple energy bands. Small space-based instruments are adequate for detection at low energies. Yet
at UHE only indirect observations are possible, through the detection of hadronic air showers initiated
when cosmic rays interact with particles in the atmosphere. A census of the detectors chasing for
indirect observations of cosmic rays is shown in Fig. 3. Cosmic rays below ~ 10'3 eV are thought to
be accelerated in the Milky Way, whereas above 10'® eV they cannot be effectively contained within
our galaxy and they are therefore believed to have extragalactic origin. This constraint arises because

the Larmor radius of cosmic rays becomes comparable to the thickness of the galactic disk, assuming a

galactic magnetic field strength of approximately ~ 3u G.

As depicted in Fig. 3, the cosmic ray spectrum reveals many transition features. Notably, the maximum
energy achievable by galactic cosmic rays induces the first knee, which marks the transition to the
extragalactic component. On the other hand, the second knee is related to the transition to heavy
primaries. The transition to an extragalactic population of accelerated cosmic rays is marked by the

ankle in the spectrum. Finally, the interaction between UHE cosmic rays with the CMB produces the

high-energy cutoff in the spectrum, known as the Greisen-Zatsepin-Kuzmin (GZK) cutoff [25, 26].

7
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Figure 3: Cosmic ray spectrum E>F (E) as a function of their energy. Here, F (E) is the number of particles per unit of energy, second and solid angle.
Figure from Ref. [24].
Cosmic rays are the smoking gun of particle acceleration processes taking place within their source.
However, due to their charge, these particles are deflected by galactic (~ O(uG)) and extragalactic
(~ O(nG)) magnetic fields before reaching Earth. As our knowledge of these electromagnetic fields is
poor, reconstructing the original direction of cosmic rays is challenging. Furthermore, UHE cosmic

rays undergo pair production and photo-hadronic processes with the CMB photons, that is,

p+yemp — ptet+e” (2.3)
p+nr°
p+yYcMB — At —> (24)
n+nat,

respectively. Similarly to photons, we conclude that cosmic rays are not ideal probes of sources located

far away from Earth.

— Neutrinos are neutral fermions whose existence was first proposed by Wolfgang Pauli in the context
of beta decays [27]. The name neutrino appeared for the first time in Enrico Fermi’s theory of beta
decay [28], but due to their very small cross-section, these weakly interacting particles were not
observed until 1956 [29]. Their extremely feeble interactions with matter allow neutrinos to travel
large distances without being absorbed or deflected. Therefore, once they reach Earth they pinpoint
their source. While these properties make neutrinos ideal candidates to probe the high-energy sky,

they also pose substantial challenges to neutrino detection, as we will further discuss in the following.
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Figure 4: The Grand Unified Neutrino Spectrum at Earth per unit of energy, area and second. The green part highlights the energy range of interest for this

thesis, namely neutrinos with energies > TeV. Figure adapted from Ref. [32].

As of today, we know that neutrinos come in three flavors, one for each corresponding lepton: the
electron neutrino (v,), the muon neutrino (v,,) and, finally, the tau neutrino (v). Being a quantum
superposition of three mass states, neutrinos oscillate between different flavors while propagating from

the source to Earth [30, 31].

These elusive particles are produced in a variety of experiments on Earth and astrophysical sources,
spanning nuclear reactors, the Sun, Supernovae and the terrestrial mantle. Of particular interest for this
thesis are high-energy neutrinos, produced as (ultra-)high-energy cosmic rays interact with radiation or
matter backgrounds in astrophysical sources. Similar processes come into play when UHE cosmic
rays interact with the Earth’s atmosphere, producing atmospheric neutrinos. The latter serve as a
background against which neutrinos of astrophysical origin with energies < 100 TeV cannot be easily
distinguished. Similarly to photons, the state-of-the-art knowledge on the neutrino diffuse flux across
all the energy ranges is summarized in the Grand Unified Neutrino Spectrum [32], shown in Fig. 4.
Throughout this thesis, we will focus on the highlighted region in Fig. 4, namely on neutrinos with

energies > TeV.

The crucial role of neutrinos in the interplay between particle physics and astrophysics became clear
with the detection of neutrinos from the Sun [33], followed by supernova SN 1987a, the very first
source outside the solar system to be seen through neutrinos [6, 7]. These discoveries marked the dawn
of neutrino astronomy. Since then, gigantic detectors have been built to catch neutrinos at the highest

energies, such as the IceCube Neutrino Observatory [34], which observed for the first time neutrinos in
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the TeV-PeV range in 2013 [8]. Over 10 years of operations, IceCube detected hundreds of cosmic

neutrinos with energies between 10* GeV and 107 GeV [35]. Yet the sources of the cosmic neutrino

signal detected in the form of a diffuse flux remain unknown [36, 37], with a handful of candidates.

Possible factories of high-energy neutrinos will be further discussed in Sec. 4.

Neutrinos with energies above 107 GeV are expected to be produced through the interaction of UHE
cosmic rays with the intergalactic medium, as well as through hadronic and photo-hadronic interactions
of UHE cosmic rays in cosmic accelerators. However, so far we have not observed neutrinos with such
high energies and many upcoming detectors aim at pushing their sensitivity above O (107) GeV, as we

will discuss in Sec. 5.

Gravitational waves are distortion of the space-time structure. Let us consider a space-time geometry
that deviates from the Minkowski one (77,,,,) only by a small perturbation, such that the metric can be
written as

8uv (%) = My + by (%) (2.5)
where |y, (x)| < 1, the indices g, v run over the values 0, 1,2, 3, with O =tandn =npn =133 =
—100 = —1.

In harmonic coordinates and for weak gravitational fields the linearized Einstein field equations read
a a 1 a
ohy, = -2x |1, - E(SVT , (2.6)

where T, is the energy-momentum tensor, 7' is its trace and y = 871G/ ¢* is a constant controlling the
coupling between matter and geometry, with G being the gravitational constant. Finally, O = n#¥4,,8,
is the d’Alambert operator of the flat Minkowski space-time. Eq. 2.6 connects the space-time curvature
to the energy-momentum density of the matter sources and it also holds when the perturbations £,
depend on time. In this case, Eq. 2.6 describes geometric fluctuations that propagate in vacuum at the

speed of light, known as gravitational waves. It can be shown that the radiated gravitational power

is controlled by the third derivative of the quadrupole moment of the source, that is dE /dt o |O|>.

Therefore, gravitational waves can only be emitted by systems with a non-vanishing and non-constant

quadrupole moment.

Originally predicted by Henri Poincaré and Albert Einstein at the beginning of the 20" century,

gravitational waves produced by the merger of two black holes were detected in 2015 (GW150914) by

10
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Figure 5: The gravitational waves landscape as a function of frequency and strain. Figure produced with the Gravitational Wave Plotter.

the Laser Interferometer Gravitational-Wave Observatory (LIGO) and Virgo collaborations [9]. Current
interferometers are sensitive to the frequency range corresponding to the merger of compact objects,
such as black holes and neutron stars. Upcoming interferometers, such as the Einstein Telescope
(ET), will unlock the unprecedented opportunity to detect gravitational waves from core-collapse
supernovae [38]. Similarly, the proposed Laser Interferometer Space Antenna (LISA) will access lower
frequencies, enabling the detection of gravitational waves from massive black hole binary inspirals
[39]. Finally, at nanohertz frequencies the pulsar timing array SKA will be sensitive to the stochastic
background of primordial gravitational waves [40]. A selected compilation of cosmic events observable
in gravitational waves together with the sensitivity curves of current and upcoming instruments is

shown in Fig. 5.

Gravitational waves are intriguing messengers, as proven by the detection of the gravitational wave
event GW170817 in association with the multi-wavelength spectrum from a neutron star merger [41].
No neutrinos were detected in coincidence with this event [42, 43]. However, neutron star mergers
are candidate factories of neutrinos across a wide range of energies, making the correlation existing

between photons, neutrinos and gravitational waves extremely exciting for future perspectives.


http://www.gwplotter.com

2.2 RECENT HIGHLIGHTS IN MULTI-MESSENGER ASTRONOMY

2.2 RECENT HIGHLIGHTS IN MULTI-MESSENGER ASTRONOMY

Multi-messenger astronomy is a vibrant field that has witnessed significant breakthroughs over the past
decade. Despite its remarkable advancements, to date no simultaneous detection of all the direct messengers
(photons, neutrinos and gravitational waves) has been reported. In the following, we present a selected
compilation of recent highlights in multi-messenger astronomy. We will distinguish between steady sources

and transient sources, the latter exhibiting durations ranging from fractions of a second to a few months.

2.2.1 Steady sources

2.2.1.1 Photon-neutrino correlation

NGC 1068: Active Galactic Nuclei (AGN) are extremely bright regions at the center of a galaxy hosting a
supermassive black hole. These compact sources have long been considered efficient cosmic accelerators,

a conjecture which has been confirmed by the IceCube Neutrino Observatory with the detection of ~ 80

neutrino events with O(TeV) energies from the Squid Galaxy NGC 1068 with a significance of 4.2¢ [44].

The source is known to be a starburst galaxy hosting an AGN. To ensure consistency with the diffuse
gamma-ray background detected by Fermi, neutrinos should be produced in a region that is opaque to
0.1 — 10 GeV gamma-rays [45, 46]. In light of these constraints, it has been suggested that the observed
neutrinos are produced in the vicinity of supermassive black holes surrounded by very optically thick dust or
gas [47]. However, none of the existing models is able to accommodate simultaneously the electromagnetic
and neutrino signals, underscoring the pressing need for a theoretical effort to accurately model particle
production and acceleration mechanisms within AGN and starburst sources.

The galactic plane: Cosmic rays accelerated in the Milky Way and interacting with the interstellar
medium produce neutral pions (7). In turn, these pions decay into gamma-rays with energies > O(GeV), as
we observe from our own galaxy. Charged pions are also produced in the interaction between cosmic rays
and the Milky Way interstellar medium, and subsequently decay producing high-energy neutrinos. Over ten

years of data, IceCube successfully identified such neutrino emission from the galactic plane, achieving a

12
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Figure 6: The galactic plane as seen in optical photons, gamma-rays and and high-energy neutrinos. Figure from Ref. [48].

significance level of 4.50 [48]. A picture of the Milky Way as seen in optical photons, gamma-rays and

high-energy neutrinos is shown in Fig. 6.

2.2.2 Transient sources

2.2.2.1 Photon-neutrino correlation

TXS 0506+056 and PKS 0735+178: Blazars are a rare subclass of AGNs whose black hole harbors a
relativistic jet pointing towards Earth. The IceCube collaboration identified two neutrino point-like sources
in the Northern sky, whose electromagnetic counterparts correspond to well known blazars: TXS 0506+056
and PKS 0735+178. The skymap of three high-energy neutrino hotspots identified by IceCube, namely TXS
0506+056, PKS 0735+178 and NGC 1068, is shown in Fig. 7.

In 2017 the IceCube collaboration reported the association between the IceCube 170922A high-energy
neutrino event and the bright blazar TXS 0506+056 [49]. Notably, the astrophysical source was undergoing
flaring activity at the time of the IceCube detection. Further analysis of archival data from 2015 revealed
13 + 5 additional neutrino events in spatial and temporal coincidence with another flare event from the same
source [50]. Following TXS 0506+056, in December 2021 IceCube [51], Baikal [52], Baksan [53] and
KM3NeT [54] observed multiple high-energy neutrino events likely associated with the bright blazar PKS
0735+178. Concurrently, the blazar exhibited the most significant flaring activity ever recorded in the optical,

ultraviolet, X-ray and gamma-ray bands.
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Figure 7: Skymap of neutrino point sources in the Northern Hemisphere. The black circles denote the three most significant objects identified in the

searches performed by IceCube. Figure from [44].

The observed multi-wavelength emission from blazars is commonly explained by invoking lepto-hadronic

or hadronic models, which associate the signal to both leptons and hadrons or hadrons only, respectively.

However, when considering neutrinos and photons simultaneously in both models, fine tuning of the blazar
parameters is needed [55-57]. Despite the interesting neutrino detection possibly associated with single
sources, the contributions of blazars to the high-energy diffuse flux detected at IceCube is quite small
(< 10% [58]).

AT2019fdr: The joint effort of IceCube and the Zwiky Transient Facility (ZTF) collaboration led to the
observation of a handful of high-energy neutrino events associated with optical transients, some of which
considered candidate tidal disruption events [59-61]. Of particular interest in the context of this thesis is the
ZTF transient AT2019fdr [62, 63]. The neutrino event was detected approximately 300 days after the peak of
the transient bolometric lightcurve. A first theoretical interpretation classified AT2019fdr as a tidal disruption
event [60]. Nevertheless, the latest hypothesis of a hydrogen-rich superluminous supernova (SLSN) [64]
seems more likely, also in light of the rebrightening observed in the lightcurve ~ 70 days after the optical
peak. The SLSN conjecture can also accommodate the IceCube high-energy neutrino event observed in
coincidence with AT2019fdr without invoking jetted tidal disruption events, which may be a quite rare
subclass [65].

AT2018cow: IceCube reported the detection of two neutrino events in the direction of AT2018cow, a
source belonging to the emergent class of Luminous Fast Blue Optical Transients (LFBOTs) [66]. The

neutrinos arrived during a time window of ~ 3.5 days of exposure, spanning from the last confirmed
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non-detection of the transient to its first optical observation. However, due to their O(TeV) energies, these
events fall in the energy range populated by the atmospheric background. Thus, it is challenging to discern
whether those neutrinos are of astrophysical origin.

Irrespective of the specific nature of AT2019fdr and AT2018cow, the increasing number of neutrino
detections in the direction of astrophysical transients supports the idea that these sources are intriguing

high-energy multi-messenger targets. We will further discuss this topic in Sec. 4.

2.2.2.2  Photon-gravitational wave correlation

GW170817: One of the major breakthrough in multi-messenger astronomy has certainly been the detection
of the gravitational wave event GW 170817 in temporal and spatial association with the short gamma-ray
burst GRB 170817A [41, 67, 68]. An extensive multi-wavelength campaign followed the observation of
GW170817, revealing the existence of a kilo/macronova overlapped with the GRB afterglow [69, 70]. The

fascinating event also confirmed the theoretical conjecture that elements heavier than iron are synthesized in

neutron star mergers through neutron capture, the so called neutron capture process (r-process) [71, 72].

The association between short GRBs and neutron star mergers was a long-standing paradigm whose first
confirmation has been the GW170817/GRB 170817A detection. However, we note that the theoretical
association between kilonovae and short bursts has been recently challenged by the detection of two long
GRBs followed by a kilonova [73, 74]. These observations may hint towards the existence of a third class of

bursts, probably originating from different processes and yet associated with kilonovae.
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PARTICLE ACCELERATION AND RADIATIVE PROCESSES IN

ASTROPHYSICAL PLASMAS

From the overview on multi-messenger astronomy provided in Chapter 2 it emerges that high-energy particles
are the smoking gun of particle acceleration processes taking place within astrophysical sources. In this
Chapter, we briefly discuss the particle acceleration mechanisms invoked throughout this thesis. Subsequently,
we provide an overview of the relevant radiative processes in high-energy astrophysics and highlight their

interplay with acceleration mechanisms.

3.1 PARTICLE ACCELERATION

In the recipe for particle acceleration, the key ingredient is the presence of large scale magnetic fields
capable of confining particles, ensuring that the Larmor radius of the latter does not exceed the size of the
source. Some astrophysical sources naturally fulfill this requirement, with several processes invoked to
account for particle acceleration within them, including shock acceleration (e.g. Ref. [75] for a review),
shear acceleration [76] and magnetic reconnection [77]. While these models succeed in reproducing the
non-thermal power-law spectrum observed from high-energy phenomena, there is no conclusive evidence
favoring one over the others. For the purposes of this thesis, we will limit our discussion to shock acceleration
and magnetic reconnection, while we refer the interested readers to the aforementioned references for details

on other acceleration mechanisms.

3.1.1 Fermi acceleration

Two Fermi acceleration mechanisms have been formulated, known as second-order and first-order Fermi

acceleration [78, 79]. Both these processes rely on a few key assumptions: (i) particles are continuously
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Second-order Fermi acceleration First-order Fermi acceleration
§ Downstream Upstream
_> W
pc —®
e ~
P
B o /.
Particle @
o—
B 1 Ne
i pc
Plasma Shock

Turbulences

Figure 8: Left panel: Cartoon of the second-order Fermi acceleration process. Particles gain energy by scattering off centers (magnetic clouds, for instance)
which are randomly distributed in the fluid. Right panel: Cartoon of the first-order Fermi acceleration process. Particles cross multiple time the

shock front and scatter off plasma turbulences existing both in the downstream and in the upstream of the shock front (grey line).

injected into the fluid through some mechanism; (ii) some scattering centers exist within the fluid and

isotropize the particle distribution. We discuss the details of both processes in the following.

3.1.1.1 Second-order Fermi acceleration

In its first version, the acceleration mechanism proposed by Fermi assumes that the scattering centers move
randomly in the fluid, effectively acting as magnetic mirrors for particles. For instance, these centers could be
interstellar clouds that reflect off particles multiple times. A cartoon of the second-order Fermi acceleration
process is shown on the left panel of Fig. 8.

Let us consider scattering centers moving at mean speed Sc and Lorentz factor I'. It is possible to show

that after one collision the energy gain of a particle is [80]

AE
-E-:r%l—ﬁcm9+ﬁcm0h4#cmecmeq—1, (3.1)

where 0 and 0’ are the angles between the particle speed entering and exiting the scattering region, respectively,
and the speed of the scattering center.

By averaging on the angle distributions, the overall energy gain per collision is

AE _i22~i2
<7?>_3BF =35 6.2
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where in the last step we have made the approximation I ~ 1, namely the scattering centers are non-relativistic.

Since the energy gain in one collision is proportional to % the process is called second-order acceleration.

3.1.1.2 First-order Fermi acceleration

This mechanism is particularly relevant for astrophysical shocks, namely disturbances that propagate in
the fluid faster than the sound. Within this framework, particles gain energy by crossing the shock front—
assumed to be infinite and planar— multiple times. The crossing is induced by irregularities ahead of the
shock front and turbulences behind it. A cartoon of the first-order Fermi acceleration process is shown in
Fig. 8.

Let B¢ be the speed of the unshocked upstream region as seen by the shocked downstream region, and I
the corresponding Lorentz factor. It can be shown that the energy gain over one cycle is the same as in Eq. 3.1.

However, due to the assumption of infinite planar shock geometry the angle averaged energy gain is [80]

AE\ 4 13 4
<?> = 3/31“2+ ?,821“2 =38, (3.3)

where the last approximation corresponds to the limits 8 < 1 and I" =~ 1. Since the energy gain in one
collision is linear in S, this process is dubbed first-order Fermi acceleration.

Probabilistic arguments can be used to prove that the distribution of accelerated particles is a power-law.
Given a particle with initial energy Ey, its energy after one collision reads E = EyfS. Therefore, the number of
particles with energies E = ES" after n collision will be N = NoP", where P denotes the probability that the
particle stays in the acceleration region after one collision. This probability reads P = 1 — Pegc = 1 —4/38,
where we have denoted with P the particle escape probability. We conclude that the particle energy

spectrum expected from the process is [81]
N(E)E o« E~"48 dE ~ const x E-2dE . (3.4)

The second-order Fermi acceleration mechanism is of particular interest in the context of astrophysics, as
shocks are expected to occur in a variety of astrophysical systems. We note that the underlined simple picture
has been derived for non-relativistic shocks and several factors can alter it. For instance, the spectrum may
be softened when diffusion within a finite medium is considered, whereas the resulting spectrum can be
harder due to non-linear phenomena stemming from cosmic ray pressure. For ultra-relativistic shocks (where

" > 10), the energy gain of particles during the first cycle increases by a factor I'> compared to the one
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3.1 PARTICLE ACCELERATION

calculated for non-relativistic shocks, whereas the energy gain is only a factor ~ 2 [82] in the subsequent
cycles. Under these conditions, particles can attain high energies if there is substantial amplification of
magnetic power at small scales, thereby preventing the particles from escaping the source [83].

The inherent complexity of the particle acceleration problem at shocks requires sophisticated numerical
methods to be employed. In this context, Particle-In-Cell (PIC) simulations have proven to be highly effective,
even though it is important to note that they fall short in capturing the physics of the system on large
scales. In the initial implementation of the PIC method, charged particles in the plasma only interacted with
the electromagnetic fields produced by their own motion. Yet modern PIC simulations can meticulously

track individual particles, capturing the kinetic of the plasma in full detail. Furthermore, they enable the

modeling of various instabilities which may play a crucial role in particle acceleration at shocks [84, 85].

PIC simulations predict a power-law distribution oc E~* for accelerated particles, with the spectral index
being k = 2.5 for ultra-relativistic shocks [85]. However, shock compression and anisotropic scattering in the

downstream medium can result in k ~ 2.6 — 2.7 [86].

3.1.1.3 Collisionless shocks and sub-shocks

Efficient particle acceleration can take place at collisionless shocks, namely shocks which are mediated

by plasma instabilities rather than by radiation [87, 88]. On the contrary, photons that are produced in

the downstream of radiation mediated shocks can diffuse upstream and interact with electrons and pairs.

Consequently, acceleration is hindered as the protons upstream are decelerated by photons via their coupling
with thermal electrons. In general, the shock is said to be collisionless when the upstream medium becomes
optically thin to the shock, namely when its Thomson optical depth 7 < c¢/vg, [87], where vy, denotes the
shock velocity.

When the shock propagates in a sufficiently magnetized plasma, collisionless sub-shocks may form within

radiation mediated shocks [89]. The formation of the sub-shock can be qualitatively understood as follows.

As hot photons from the downstream region diffuse into the upstream, they try to slow down the incoming

upstream particles through scatterings. However, in a magnetized plasma, a fraction of the overall downstream

energy is stored in the compressed magnetic field, and only the remaining fraction is stored in photons.

Consequently, the latter can only moderately decelerate the incoming upstream flow. A thin sub-shock must
form near the downstream side of the radiation mediated shock to fully dissipate the kinetic energy of the

incoming particles. It can be shown that this sub-shock is collisionless and able to accelerate particles [89].
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3.1.2  Magnetic reconnection

In an electrically conducting plasma, magnetic field lines are frozen-in to the plasma and move with its
velocity field. As a result, oppositely directed magnetic field lines can rearrange their geometry, breaking
and reconnecting. The altered magnetic field lines develop a pronounced curvature and form the typical
X point feature. This process is called magnetic reconnection and it occurs in a variety of laboratory and
astrophysical plasmas, including the Sun (see Ref. [90] for a review).

According to Faraday’s equations, variations in the magnetic flux induce electric fields. As a response, the
plasma attempts to screen the induced electric fields. The screening process is nearly perfect in an ideal
plasma, where the induced fields set charges in motions and produce magnetic fields that cancel out the
magnetic flux variations. Therefore, reconnection is hindered in ideal plasmas and non-ideal effects are
crucial to initiate the process and to sustain the electric field induced by reconnection events. When two
magnetic field lines are pushed together, cut at their intersection point, and subsequently reconnected, the
system releases its energy, dissipating magnetic energy into kinetic energy.

The first theoretical formulation of magnetic reconnection was developed within a non-relativistic
framework in the Sweet-Parker model [91, 92]. A magnetically neutral region develops between two
anti-parallel magnetic field lines, where electric current density concentrates in current sheets and dissipation
takes place in a planar geometry. The Sweet-Parker model does not take into account either three-dimensional
or time-dependent effects, and it does not allow to reproduce the fast reconnection rates observed in some
plasmas. On the contrary, the Petschek model broadens the outflow region and it introduces a slow shock
near the X points, effectively boosting the rate of magnetic reconnection [93]. A cartoon of the Sweet-Parker
and Petscheck models is shown in Fig. 9. Alternatively, the rate of reconnection can be boosted through
plasma turbulences, which induce multiple reconnection events at the same time.

Of particular interest in the context of astrophysics is relativistic magnetic reconnection, taking place when
the plasma magnetization parameter o > 1 [95, 96]. The latter is defined as the ratio between the Poynting

luminosity and the kinetic luminosity
B/2

B 3.5
4mp’c? (3-5)

(o
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Figure 9: Left panel: Magnetic field line configuration in the Sweet-Parker model for magnetic reconnection. Right panel: Magnetic field line configuration
in the Petscheck model for magnetic reconnection. In both cases, the shaded blue area denote the dissipation regions and the red long arrow

denote the plasma velocity field. The dashed lines in the right panel represent slow shocks. Figure adapted from Ref. [94].

where B’ is the magnetic field and p’ is the baryon density, both measured in the comoving frame of the
plasma !.

PIC simulations have been employed to explore relativistic collisionless reconnection in electron-positron
pair and electron-ion plasmas, underlying that approximately half of the dissipated magnetic energy is stored
in kinetic plasma energy. Notably, the remaining half goes into particle acceleration [97-99]. Similarly to
collisionless shocks, particles accelerated through magnetic reconnection follow a power-law distribution
N(E)dE o« E~*, whose spectral index k strictly depends on the fluid magnetization [99]. This acceleration

mechanism is particularly appealing, as it naturally leads to hard spectra (k < 2) for o > 1, which are

consistent with the observed spectra of some astrophysical sources such as blazar flares [100-102].

3.2 RADIATIVE PROCESSES IN HIGH-ENERGY ASTROPHYSICS

Charged particles undergo many energy-loss processes in astrophysical environments. These processes
can significantly limit the maximum energy achievable by accelerated particles in the source and have
important consequences both on the observed electromagnetic and high-energy neutrino signals. In the
following, we provide an overview of the physics underlying each radiative process, while we refer the reader

to Refs. [103—105] for a detailed discussion.

1 Hereafter, we denote with X’ and X the quantities measured in the fluid reference frame and in the observer frame, respectively.
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3.3 THERMAL RADIATION

A body in thermodynamic equilibrium emits thermal radiation, resulting from the conversion of heat generated
by the motion of charged particles in matter into electromagnetic radiation. In optically thick media, thermal
radiation coincides with black body radiation, which is radiation emitted in thermal equilibrium with its
environment by a perfect absorber, dubbed black body.

The specific intensity of black body radiation is given by the Planck law

. 2mv3 1
B, = 2 o' /kgT _1° (3.6)

where kp is the Boltzmann constant and 7" is the black body temperature, controlling the peak of the

spectrum at hv];k = 2.82kpT’. The corresponding internal energy density is

4 (o)
¢ = —”/ Bdv = aT™, 3.7)
0

nt c

where a is the radiation constant. Importantly, in thermal plasmas with a given surface and temperature, it is
not possible to overtake the black body luminosity.
Of particular interest in the context of this thesis is the limit of the black body spectrum obtained for

hv’ < kgT’, when Eq. 3.6 reduces to the Wien spectrum:

B:/Wien — 2h‘2/3e—hvl/k3T' ) (3.8)
C

In astrophysical environments, radiation can be produced by charged particles through several processes, as
we will detail in the following. When the source is optically thick, photons can achieve thermal equilibrium
and redistribute to a pure black body spectrum. However, complete thermalization can only be sustained as
long as the radiation sources generate a sufficient number of photons. A given radiative process freezes out at

the radius Ryyp, obtained from the condition [106]

Ay ’
L 2 1, 4, - 3.9

Here, 1, | parametrizes the adiabatic expansion of the source, 7’ is the photon production rate due to a specific
radiative process and n’y’th = 16¢(3)(kgT’/ch)? is the photon number density obtained for a black body

distribution. Finally, £(3) ~ 1.202 is the Riemann zeta function. Above the freezing-out radius Ry, given in

Eq. 3.9, radiative processes fail in ensuring complete thermalization and photons relax to a Wien distribution.
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Figure 10: Schematic view of the three regions that can be broadly identified in astrophysical plasmas. In the black body region (R < Rgyp, left panel)
radiative processes produce enough photons to ensure complete thermalization. In the Wien zone (Rgyp < R < Rpp, middle panel), radiative
processes can no longer sustain a black body distribution and photons relax to a Wien spectrum. Above the photosphere (R > Rph, right panel)

non-thermal processes emerge in the observed spectrum.

The plasma becomes optically thin at the photospheric radius (R,n), where particle acceleration and
non-thermal processes kick in and shape the observed spectrum. A schematic representation of the evolution
of the spectrum (in logarithmic scale) is shown in Fig. 10. We stress that the spectral shaping process is
considerably more intricate than the simplified framework outlined herein. Notably, non-thermal features
may emerge in the photon distribution even below the plasma photosphere. However, for the purposes of this

thesis, it is enough to distinguish between pure thermal spectra, Wien spectra, and non-thermal spectra.

3.4 LEPTONIC PROCESSES
3.4.1 Synchrotron radiation

Particles with charge Ze immersed in a pure magnetic field are accelerated along a curved orbit as effect
of the Lorentz force, and they emit synchrotron radiation. A particle with mass m moving with velocity
B = v/c and forming a pitch angle 6’ with the magnetic field B’ will radiate a total synchrotron power
Pl () = 207 B%y"*cUl sin? @'. Here, o is the Thomson cross section, y’ = 1/4/1 — B2 is the particle
Lorentz factor and U}, = B’?/8n is the magnetic energy density. By averaging on an isotropic pitch-angle

distribution we obtain

’ ’ 4 Me 2 ’ ’
Psync(y ) = go-T (?) Z47 ZCUB 5 (310)



3.4 LEPTONIC PROCESSES

where m, is the electron mass and we have assumed =~ 1 for relativistic particles. As the synchrotron
power is oc (m,/m)?, it is clear that synchrotron radiation from particles heavier than electrons is negligible
in typical astrophysical environments.

Particles radiating synchrotron radiation cool on a timescale

6rm3c
’ —
fayne = ormZ4y'B? G-

Therefore, after a time ¢’ particles whose Lorentz factor is above

6rm3c

Veool (1) = (3.12)

a Tm%B 2y
have lost most of their energy through synchrotron losses, where we have assumed a population of particles

accelerated to a power-law distribution. The Lorentz factor in Eq. 3.12 is dubbed cooling Lorentz factor and

’

. . L, ,
it is obtained by solving ¢’ = tsynch(ycool)

It is worth mentioning that in the presence of strong magnetic fields, the energy losses due to synchrotron

radiation become particularly significant, causing the particle pitch angle to change rapidly.

3.4.1.1 Synchrotron spectrum

In the following we focus on electrons (m = m,., Z = 1), however the listed results can be rescaled to the
mass of other charged particles.

As mentioned in Sec. 3.1, both theory and PIC simulations predict a power-law distribution N(y,) y;_ke
for accelerated electrons with y/, . < ¥, < ¥(ma Where y, . and yg . are the minimum and the
maximum Lorentz factors of the electron energy distribution, respectively. The synchrotron spectrum F;,
emitted by such a population of electrons is characterized by the pitch angle averaged critical frequency
Vi = yézvl, where v} = eB’/2nm,c is the Larmor frequency. It can be shown that the radiated synchrotron

spectrum is

y/13 Vo<V
min
’
F, ocqyr=(ke=1)/2 Vi <V < Vi (3.13)
y’l/ze_v,/yn,nax y’ > y’

)

’
- ye,min

— 2
where v/ . vy and Vi, = Vo max VL
The treatment above does not take into account synchrotron self-absorption processes, namely the re-
absorption of synchrotron photons by the electrons that produced them. The overall effect of synchrotron

self-absorption is the introduction of an additional break in the photon spectrum at the self-absorption
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5/2
frequency v;. For v/ . < v < v/,, the synchrotron self-absorbed spectrum scales as "', whereas for
min

’

! o the spectrum is oc v’2. The exact calculation of the self-absorption frequency requires

’ ’
V< Y min <V,

detailed knowledge of the thermal electron distribution, and several methods can be employed to estimate it.

We refer the readers to Ref. [107] for a detailed review.

3.4.2 Inverse Compton scattering

Compton scattering is the interaction of a photon with a free charged particle. The latter is at rest in the
standard Compton scattering process, yet in astrophysical plasmas charged particles are often moving at
relativistic speeds. When the energy of the charged particle exceeds the one of the incoming photon, a part of
its energy can be transferred to the scattered photons. This process is called inverse Compton scattering (IC),
and it can take place in two different regimes. If the photon energy in the particle rest frame is much smaller
than the charged particle rest mass energy, the process occurs in the Thomson regime. In the opposite limit,
the photon energy in the charged particle rest frame is much larger than the rest energy mass of the particle
and the process takes place in the Klein-Nishina regime.

In the Thomson regime, it can be shown that the total energy loss rate is
Pl = e 224 2. 3.14
ic =391\ " YU (3.14)

where U;lyh is the energy density of the scattering photons. When relativistic charged particles are confined

within a region where both radiation and magnetic field exist, they will undergo both IC and synchrotron

’
sync

losses. The ratio among the corresponding emitted powers P,/ Pj~ = Ug /U]~ determines which process
dominates the cooling of the charged particle and it affects the shape of the emitted spectrum.

The cooling time due to IC losses is
3.2

3m

to=— 3.15
Ic 40'TmEZ4y’cU]’)h ©.15)

34.2.1 Inverse Compton spectrum

The IC spectrum depends on the details of the incident photon distribution and on the angle between the

charged particle and the photon. However, it can be shown that a distribution of accelerated electrons
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N(y,) « y;_kf produces a photon spectrum F’, oc y'~(ke=1)/2

, independently on the incident photon
distribution.
In the Thomson regime, we can neglect the recoil of electrons and the process can be treated as a

particle-particle scattering in the rest frame of the electron. If the latter is relativistic (y, > 1) then the

being €’ . = E’ . /m.c? the initial energy of the photon

energy of the outgoing photon is €’ 2¢! in i

yout = Ye €y in>
normalized to the electron mass energy.

In the Klein-Nishina regime, we should take into account both quantum effects and the recoil of the
electron. However, for the purposes of this thesis, it is enough to mention that the overall effect is the
suppression of the IC cross section. The energy of the outgoing photon is limited by energy conservation

to values €}, , < ¥,. As aresult, in pure Klein-Nishina regime, the cooling rate of the charged particle is

constant, rather than growing as oc yéz (Eq. 3.14).

3.4.3 Synchrotron self-Compton

The IC scattering of synchrotron photons on the same population of electrons that produced them is known
as synchrotron self-Compton (SSC). The process is responsible for the double-hump feature in the vF,
spectrum sometimes observed from astrophysical sources. The first peak is induced by synchrotron radiation,
whereas the second peak is commonly linked to SSC processes. The latter may be particularly interesting for
GRBs observed at very-high-energy, as shown in Fig. 11 for GRB 190829A. We will discuss this intriguing
application of the SSC process in detail in Chapter 9.

To assess the relative importance of SSC losses in comparison to synchrotron losses, it is useful to introduce

the Comptonization parameter

v, U
== (3.16)
B B

If the SSC process dominates the overall cooling of electrons, namely if ¥ > 1, the cooling factor of the
synchrotron spectrum defined in Eq. 3.12 is reduced by a factor 1 + Y. In the opposite limit Y < 1, the cooling
of electrons is mostly dominated by synchrotron processes and the cooling frequency in Eq.3.12 remains

unchanged.

C

The synchrotron break frequencies v; j translate into the breaks v’yli. =2y’ . in the SSC spectrum,

J el y.J

where the subscripts i, j = a, min, cool, max refer to the specific break. The exact shape of the radiated
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Figure 11: Theoretical multi-wavelength model for GRB 190829A. The first peak is associated to synchrotron radiation from a population of relativistic

electrons, whereas the second peak may be explained through SSC radiation processes. Figure from Ref.[108].

spectrum depends on the relation between these break frequencies, see e.g. Refs. [109, 110] for a detailed

discussion.

3.4.4 Bremsstrahlung

Bremsstrahlung, also known as free-free absorption process, is the interaction of an unbound electron with
the Coulomb electric field of ionized atomic nuclei, resulting in the emission of photons. The electrostatic
force decelerates the electron, inducing it to release part of its kinetic energy in the form of photons. As
its radiation power is proportional to the plasma proton density (Porem o 77,), bremsstrahlung becomes a
relevant cooling mechanism for electrons in dense plasmas.

The most relevant case for the purposes of this thesis is thermal bremsstrahlung, occurring when particles
have a thermal distribution of speeds. If the latter is isotropic, the probability dP that a particle has a speed
in the range [v, v +dv] is

2

dP o v2e H5T2 dy (3.17)
where 7, is the electron temperature. It can be shown that the bremsstrahlung emission from a population of
particles whose speed distribution follows Eq. 3.17 is

dE’ R T
dv’dr dv’ =6.8x 10_3821'2”:3”;7; l/Ze kele grp, (3.18)
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where we are considering a plasma with electron number density n,, and ions of charge Z; with number
density n}. The factor g ¢ is the Gaunt factor, and is a function of the energy of the electron and the frequency
of the emitted photon.

Bremsstrahlung photons can be absorbed by free electrons. This process is known as free-free absorption,
whose effect is parametrized through the absorption coefficient of the plasma

— —hv'|kpT),

‘n,n.l1-e Ble

ff _ 8§ Tie"i

ol =37x10 -
T/]/Z 1’3

e

8ff - (3.19)

The dependence on v'~3 of the absorption coefficient implies that absorption is more relevant at low
frequencies. In particular, the self-absorbed part of the bremsstrahlung spectrum ends when the plasma
optical depth at frequency v drops to unity, namely 7,, ~ @, R’ ~ 1, where R’ is the comoving size of the

source. If 7, > 1 for all the frequencies, the medium is optically thick across all the wavebands and the

bremsstrahlung spectrum is completely self-absorbed, reducing to the black body spectrum in Eq. 3.6.

3.4.5 Photon-photon pair annihilation

In non-thermal dense plasmas two photons of frequency v| and v} can annihilate into an electron-positron
(e*) pair, when the condition

RV v (1 —cos @) > 2(m.c?)?, (3.20)

is fulfilled, where 6’ is the angle between the colliding photons. The cross-section of the process peaks at

x 4m§c4, and then it decays steeply. Consequently, this process is relevant close to its energy threshold.
Photon-photon pair annihilation constitutes the main absorption channel of high-energy photons in their

source and on their way to Earth. We do not provide any further detail about this process, since the condition

in Eq. 3.20 is the one we will use throughout this thesis.

3.5 HADRONIC PROCESSES

Protons are charged particles, therefore they also experience energy losses due to IC and synchrotron radiation
on timescales obtained from Eqgs. 3.11 and 3.15, respectively, properly accounting for the mass rescaling.

However, protons emit significantly less luminosity through synchrotron and IC radiation compared to
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electrons, due to their greater mass. This result holds in typical astrophysical environments, as long as the
energy carried by protons is comparable to or smaller than the one carried by electrons. In the following, we

discuss other relevant radiative processes for hadrons.

3.5.1 Bethe-Heitler (photon-pair production)

Bethe-Heitler (BH) pair production is the scattering of a photon with the virtual photon from the Coulomb

field of a nucleus, resulting in the production of an electron-positron pair, that is the process
py — p+et+e . (3.21)

In the proton rest fame, the BH process can occur above the energy threshold y, E7, > mec?, where E’, is the
photon energy and y/, is the proton Lorentz factor.

Protons undergo BH energy losses on a timescale
-1

52
+ ZT} , (3.22)

E"y,max 7 7
;o Tme.aorc mec? d ,”y(fy) 2/ € 3/2
gy = > &5 X 1(27,€)
9\/§7rmpy;, vy €y

In(y,e€),) - 3

where €, = E/,/ mec? and n’, is the comoving energy distribution of the photon field scattering on the nucleus.

3.5.2 Photo-hadronic interactions

Photo-hadronic (py) interactions are crucial in the context of high-energy astrophysics, as they are one of the

channels for the production of secondary hadrons, mesons, gamma-rays and neutrinos. The simplest process

reads
p+y — p(n) +2°(x*), (3.23)
whose energy threshold is
2
Eip=mq+—2 (3.24)
2mp(n)

which is Ey, ~ 0.145 GeV for 7° production and Ey, ~ 0.150 GeV for n* production.
Let us consider a photon with energy E, = y},E,(1 — 8}, cos §’) in the proton comoving frame, where
B, is the velocity of the proton and ¢” is the angle formed between the photon and the proton in the fluid

comoving frame. Depending on the value of E,, the interaction can take place through different channels:
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Figure 12: Cross section for p7y interactions as a function of the photon energy measured in the comoving frame of the proton. Figure from Ref. [111].

* Resonance production of A*(1232), that is:

n+nt 1/3 of all cases
Pty — At —> (3.25)

p+n 2/3 of all cases .

This is the overall dominating channel for py interactions, with the corresponding cross section peaking

around E, ~ 0.32 GeV (see Fig. 12). Resonances more massive than A* also contribute.

* Direct production of the outgoing particles, namely p +y — n+ " In this channel, the initial nucleon
and y exchange a meson instead of creating a virtual baryon resonance. For Ey, < E, < 0.25 Gev
direct production is the dominating channel, whereas it contributes to the ~ 30% of the total cross

section up to E, ~ 1 GeV.

* Multi-pion production, which dominates the high-energy tail of the cross section (E, 2 1 GeV). This

channel leads to the production of two or more pions.

Protons cool through py interactions on a timescale

A / " g EY / " BB (E)K  (E,) (3.26)
t = o , .
Py 2,)/;32 En Y E;/Z Ea r=r=py r pYy r

where

0.2 En < E, <1GeV
Ky, (Er) = 3.27)

0.6 E. >1GeV

is the py inelasticity and o, is the cross-section [24].
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3.5.3 Hadronic interactions

Hadronic (pp) interactions are of particular relevance in astrophysical environments with large matter
densities. The interaction takes place when a high-energy proton (or nucleon) collides with a non-relativistic
proton (or a nucleus made of A nucleons, being A the mass number of the nucleus). The simplest channel is
the inelastic collision

p+p— Na(nt+n +7°%)+X (3.28)

where N, is the pion multiplicity and X denotes any kind of secondary particle that can be produced during

the interaction. The proton cooling time due to pp interactions reads
-1
tp = (poppcKpp) ™, (3.29)

where 1, is the target proton density, o), is the cross-section for pure hadronic interactions and K, , ~ 0.5

is the inelasticity of the interaction channel.

3.6 MAXIMUM ENERGY ACHIEVABLE BY ACCELERATED PROTONS

3.6.1 The Hillas criterion

A particle with charge Ze can be accelerated in a source with magnetic field B as long as it is confined
within the source. Based on this underlying requirement, the Hillas criterion allows to estimate the maximum
energy achievable by charged particles accelerated in astrophysical sources.

Let us consider a particle of charge ¢ and energy E’ immersed in an electric field &'. This particle is
accelerated on a timescale ;.. = E’/e&’c. In an almost perfectly conducting plasma moving with velocity v
the electric field is linked to the magnetic field through & = —v x B’ /¢, implying & < B’. Therefore, the

acceleration timescale of a proton can be simply related to its Larmor radius
twe =1, = E'[ceB’. (3.30)

According to the Hillas criterion, the particle Larmor radius 7 must not exceed the size of the source R,

namely r; = EBycc/ZeB < R [12], where Bacc = vace/c 1s the speed of the acceleration region. In light of
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Figure 13: Hillas plot (from Ref. [12]), showing different astrophysical sources in the space spanned by their size R’T" and magnetic field strength B’.

Above the red (blue) line, sources can accelerate protons (iron) above Epax = 1020 ev.

this simple constraint, the maximum energy achievable by the charged particle is Epax = BaccZeBR. For a
relativistic source moving with Lorentz factor I' the criterion reads Ep,x ~ ZeB’R’T, where B’ and R’ are
the comoving magnetic field and comoving size of the source, respectively. The Hillas criterion is illustrated

in Fig. 13 for various astrophysical sources.

3.6.2 The interplay between acceleration and interacion

The Hillas criterion provides a conservative upper limit on the maximum energy achievable by accelerated
protons. However, it does not account for the effect of energy losses through the radiative processes described
above. When interactions are taken into account, the maximum energy achievable by accelerated protons can

be estimated by comparing their acceleration timescale with the total cooling timescale, that is

-1
— -1 -1 -1 -1 -1 -1
= (z;d +igy HHe Flgne Hiy +t;,p) (3.31)

where #, , is the adiabatic cooling time, related to the adiabatic expansion of the acceleration region, while

tl’gH, tI’C, tgync, t;y, t;, p are the BH, IC, synchrotron, py, and pp cooling times defined in Secs. 3.4 and 3.5.

32



HUNTING FOR HIGH-ENERGY NEUTRINO SOURCES

In this Chapter, we mostly focus on the main characters of this thesis: high-energy neutrinos. With energies
between few TeV and few PeV, these particles have been detected in the form of a diffuse flux by the IceCube
Neutrino Observatory [112]. Phenomenological considerations allow us to pinpoint candidate factories of
high-energy neutrinos, yet their origin remains unknown. Intriguingly, similar diffuse fluxes of high-energy
gamma-rays [113] and UHE cosmic-rays [114] are observed. If all the high-energy particles stem from
the same source classes, their cosmic energy density should be linked. On the other hand, as outlined in
Chapter 2, the number of high-energy neutrinos detected in spatial and temporal coincidence with specific
point-like sources is increasing. Importantly, some of these sources are emerging classes of transients, whose
number is expected to grow exponentially with the advent of new telescopes.

In the following, we discuss high-energy neutrino production in astrophysical sources, we outline possible
sources of their diffuse flux and their connection with the diffuse fluxes of other high-energy messengers.
Subsequently, we highlight a selected compilation of emerging transients within the array of potential sources

of high-energy neutrinos.

4.1 PRODUCTION OF HIGH-ENERGY PARTICLES IN ASTROPHYSICAL SOURCES

In astrophysical sources, both py and pp interactions (see Chapter 3) lead to the production of neutrinos
and gamma-rays. Notably, neutral pions (7°) and charged pions (%) are unstable and they decay through
the channels 7° — 2y and n* — u* +v,,, the latter followed by the muon decay: p* — v, +v, +e*.
We conclude that both high-energy gamma-rays and high-energy neutrinos are produced when accelerated
protons interact with radiation or non-relativistic proton targets within the source. Many existing models in
the literature treat photo-hadronic and hadronic interactions both semi-analytically (see e.g., Ref. [115-117])

and numerically (see e.g., Ref. [57, 118, 119]). Even though a full numerical treatment is needed to account
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for a precise description of the interaction processes, semi-analytical approximations lead to quite accurate
estimates.
Basic properties of high-energy gamma-rays and high-energy neutrinos resulting from py and pp

interactions can be obtained through simple arguments, as detailed in the following.

* High-energy gamma-rays. Pions carry on average about 1/5 of the energy of the parent proton £,
thatis E, =~ 1/5E,. In turn, each gamma-ray resulting from the 7 decay is expected to receive half of
the pion energy, implying E,, ~ 1/2E; ~ 1/10E . The latter does not necessarily correspond to the
energy measured on Earth, since gamma-rays can undergo several interaction processes before being
detected. They can be absorbed within their source if this is thick enough, and their flux can be further
attenuated en route to Earth due to interactions with the CMB and the Extragalactic Background Light.
As aresult, we cannot receive PeV gamma-rays from sources located outside the Milky Way, whereas

at TeV energies no photons can reach us from sources beyond a few hundred Mpc.

* High-energy neutrinos. Each neutrino receives on average 1/4 of the energy of the parent pion,
namely E, ~ 1/4E; ~ 1/20E,. Note that this result holds as long as energy losses of secondary
mesons are negligible. If this is the case, the neutrino plus antineutrino flavor ratio at the source is
(Ve : vyt vz) = (1:2:0), whereas the observed signal is a composition (v, : ve 1 v¢) = (1:1:1)

due to neutrino flavor oscillations en route to Earth.

If the cooling of secondary mesons is negligible, the neutrino and gamma-ray fluxes obey the simple relation:

1 5 Kr (0
3 2B Qverse = T ESQy (B g 4.1)
a

where Q is the production rate of the specific particle and K, = N +,,- /N o is the ratio of charged-to-neutral
pions produced at the interactions.

Several caveats can alter the simplified framework outlined above. For instance, gamma-rays may
be produced through different radiative processes which only involve leptons. Alternatively, py and pp
interactions may take place in opaque regions, effectively hiding the gamma-ray counterpart of the high-energy

neutrino signal.
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Figure 14: Isotropic fluxes of high-energy gamma-rays (data from Fermi [113]), high-energy neutrinos (data from IceCube [112]) and UHE cosmic rays

(data from the Pierre Auger Observatory [114]). Figure from Ref. [112].

4.1.1 Multi-messenger connection at high-energy

As both neutrinos and gamma-rays are produced when accelerated protons interact with a radiation or matter
target, it appears clear that there is a special connection between the high-energy messengers. As shown in

Fig. 14, the differential energy fluxes measured by Fermi for high-energy gamma-rays [113], by IceCube for

high-energy neutrinos [112] and by the Pierre Auger Observatory for UHE cosmic rays [114] are comparable.

At first, the similarity in the energy budget of the three high-energy messengers prompted the hypothesis that
they are produced by a common source [37].

In principle, TeV-PeV neutrinos should pinpoint the factories of UHE cosmic rays, however no clear
smoking gun has been found yet [120]. Assuming that the observed diffuse flux of cosmic rays above
3 x 10° GeV and cosmic high-energy neutrinos are produced by the same source, Waxman and Bachall
obtained the so-called Waxman and Bachall bound: E*®, < 6 x 1078 GeV cm ~2 s~ ! sr™!. The latter sets
an upper limit on the neutrino flux from the sources of UHE cosmic rays [121].

Let us now turn to the link between high-energy neutrinos and gamma-rays. Intriguingly, the excess of
neutrinos compared to the gamma-ray flux between 10 TeV and 100 TeV challenges the common origin
hypothesis. Therefore, the current data cannot be interpreted by invoking the same composition of sources

and the common origin hypothesis is ruled out.
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One appealing way to address the issue involves the existence of hidden sources, namely sources that are
opaque to gamma-rays but transparent to neutrinos [122]. This scenario can be realized in extremely dense
environments, where gamma-rays are trapped whereas neutrinos can escape without hindrance. For instance,
jets launched by collapsing massive stars and then choked within the stellar mantle have been considered
among the most promising candidates. We will further inspect this conjecture in Chapter 7. Alternatively,
the ejecta of core-collapse supernovae (SNe) interacting with the circumstellar medium could explain the
high-energy neutrino diffuse flux without violating the Fermi data [123]. These transients would naturally
produce the different high-energy neutrino and high-energy gamma-ray fluxes in the 10 — 100 TeV energy

range, relaxing the constraint on opaque sources.

4.1.2 Candidate sources of the diffuse flux of high-energy neutrinos

The diffuse flux of neutrinos from extragalactic sources can be approximately expressed as [121]

LynsRy

yp 4.2)

¢, ~¢&

where the factor £ = 2 — 3 for sources whose redshift evolution follows the star-formation rate, L, is the
neutrino luminosity of the source, n; is the source density and Ry ~ 400 Mpc is the Hubble radius. The
high-energy neutrino diffuse flux observed by IceCube is ®cCube ~ 2 8 x 1078 GeV cm™2 s~! sr~!, which,
compared with Eq. 4.2, leads to

erg

nsL, ~ 10% 4.3)

Mpciyr )
In the luminosity-density plane, this relation defines a line above which astrophysical sources need to sit
to produce the diffuse flux detected at IceCube. An analogous relation can be established between the

bolometric neutrino energy &, and the local rate density p, for transient sources. We recall that we call

transients those astrophysical sources whose duration ranges from fractions of a second to a few months.

The relation in Eq. 4.2 is shown in Fig. 15, together with some benchmark astrophysical sources. We note
that high-energy neutrinos can be emitted by a plethora of sources, both steady and transient ones. In the
following, we highlight specific transient sources shown in the right panel of Fig. 15, as these are relevant
for the purposes of this thesis. We refer the reader to Refs. [32, 124, 125] for a detailed discussion on the

potential steady sources of high-energy neutrinos.

36



4.2 TRANSIENT PHENOMENA AS FACTORIES OF HIGH-ENERGY NEUTRINOS 37

1071 T T T E T T T T
3 b LL-AGN 10° 1
: - 5 E S..\Ic
& sk ' 107 F 1
'y 10 F e LL GRB
=) E | ' * ]
=107 210 F :
1% 10 3 ? E
& BL Lac 2 ; E
E | ” 3 HL GRB 3
9 F Q. F 3
10 ’ 3 1 10 ’ 3 ¢ 3
E FSRQ g
10’” b i il e i i 10711 E A | i , 3
10 10% 107 10" 10% o7 pes o 102
L, [ergs™1] &y [erg]

Figure 15: Left panel: Potential steady sources of high-energy neutrinos in the plane spanned by their neutrino luminosity L, and density n5. Sources below
the purple line do not have sufficient ng L,, to produce the high-energy diffuse flux detected at IceCube. We showcase some benchmark steady
sources: low-luminosity AGN (LL-AGN), starburst galaxies (SBG), galaxy clusters (GC), BL Lacertae objects (BL-Lac) and flat-spectrum radio
quasars (FSRQ). Right panel: Same as the left panel, but for selected benchmark transient sources: SNe, low-luminosity GRB (LL GRB),

high-luminosity GRB (HL GRB) and LFBOTSs. Figure adapted from Refs. [32, 124].

4.2 TRANSIENT PHENOMENA AS FACTORIES OF HIGH-ENERGY NEUTRINOS

Transient sources are energetic phenomena often characterized by bright and brief bursts of non-thermal
particles, features that make them promising cosmic accelerators. The advent of time-domain astronomy
unveiled the existence of a multitude of sources previously unknown, with some of them displaying puzzling
features and evolving very quickly. Our knowledge of the transient sky is going to be further revolutionized
as new high-cadence, wide-field surveys come online (see discussion in Chapter 5), leading to an exponential
growth of the number of known transients.

With their intense bursts of energy release, transients may also be factories of high-energy neutrinos, which
can be produced when accelerated protons undergo p7y or pp interactions within the source. Besides being
among the candidate sources of the high-energy neutrino diffuse flux detected at IceCube (right panel in
Fig. 15), single transients are also ideal targets for neutrino searches, since their limited duration minimizes
the atmospheric background within the observation time window. Furthermore, they can be localized
in the sky with high precision through their multi-wavelength electromagnetic observations, facilitating
follow-up multi-messenger searches in a given direction. Intriguingly, the possible link between transients
and high-energy neutrinos is supported by the observation of a handful of IceCube events in spatial and
temporal coincidence with point transient sources, including flaring blazars, tidal disruption events, SLSNe

and LFBOTs (see discussion in Sec. 2). As new neutrino telescopes with improved sensitivity will come
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Figure 16: Transients considered throughout this thesis, possibly related to explosive massive stars. From left to right: core-collapse SNe, GRBs and

LFBOTs. Image credit to Bill Saxton / NRAO / AUI / NSF.

online soon (see discussion in Chapter 5), we expect to observe a growing number of neutrino events in
spatial and temporal coincidence with transients.

In preparation for the future of time-domain and high-energy neutrino astronomy, it is timely and crucial to
investigate the production of high-energy neutrinos in transient phenomena. We provide a brief overview of
the main properties and theoretical challenges of a selected compilation of astrophysical transients which we
inspect throughout this thesis: SNe, GRBs and LFBOTs. However, we stress that many additional phenomena
could potentially produce high-energy neutrinos. An artistic impression of these sources is depicted in

Fig. 16.

* Core-collapse SNe are cataclysmic events marking the death of massive stars, and they are some of
the oldest recorded transient events. Recently, we have also observed a subset of SN explosions with
optical luminosities ten to hundred times larger than typical core-collapse SNe. These extraordinary

explosions are known as superluminous SNe (SLSNe) [126]. The SN explosion mechanism has been

extensively studied both analytically and numerically, see for instance Refs. [127, 128] for a review.

Since our primary interest is the production of high-energy particles, we will not delve into the details

of the explosion process, rather we focus on other relevant properties of these energetic phenomena.

Both core-collapse SNe and SLSNe are broadly classified into two categories, depending on their
spectra near maximum light: while Type II SNe show hydrogen lines in their spectra, Type I SNe

do not. In all cases, the explosion leads to the ejection of matter which expands outward, cooling
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adiabatically and emitting radiation. The light observed on Earth can be the intricate combination
of a variety of physical processes that heat the ejecta, including radioactive decay of *°Ni, hydrogen
recombination and interaction of the outflow with the dense medium surrounding the progenitor star.
Some subclasses of SNe and SLSNe might also harbor a central engine, namely a black hole or a
rotating magnetar, a conjecture which would explain the extremely bright events occasionally observed
[129]. In such cases, the ejecta is heated either through the fallback of matter onto the central black

hole or through the spindown of the central magnetar.

SNe are factories of neutrinos, which can be copiously produced through different processes and
across a wide range of energies (e.g., Ref. [130]). For the purposes of our thesis, we focus on the
production of high-energy neutrinos, which can take place as protons are accelerated at the shock
driven by the ejecta into the surrounding medium [65, 123, 131]. Alternatively, if the SN harbors a
central magnetar hadron acceleration can take place in the wind surrounding the compact object [132].
Finally, we point out that some Type Ib/c SNe with broad line features in their spectra have been
observationally associated with GRBs (that we discuss in the following), hinting that this class of SNe
harbors relativistic jets. Yet it is not clear why only some of them produce long GRBs. While the
angular momentum of the stellar core plays a crucial role in the successful launching of the jet, it
may also be possible that a large fraction of these jets is not powerful enough to make it through the
stellar mantle. High-energy neutrinos can be produced along the jet, both in the successful and choked

scenario, as we will discuss in Chapter 7.

GRBs are among the brightest transients ever observed, consisting of brief and intense bursts of
radiation produced in relativistic collimated jets. The latter can be launched through the extraction
of either gravitational or magnetic energy from a central compact object, which fuels the relativistic
outflow for a limited time interval. Observations reveal the existence of a bimodal distribution in the
burst durations, with bursts lasting less and more than 2 seconds classified as short and long GRBs,
respectively. Short GRBs are usually associated with the merger of neutron stars, whereas long GRBs
are believed to stem from the cataclysmic death of massive stars [133, 134]. In this thesis, our focus

will be on the latter category.

The prompt emission of GRBs consists in a non-thermal burst of X-rays/gamma-rays, usually well

described by a smoothly-joining broken power-law known as Band function. A small fraction of bursts
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also exhibits a thermal (or quasi-thermal) component, probably emerging from the photosphere of the
relativistic jet. However, the mechanism responsible for the prompt emission remains puzzling, with

several processes invoked to explain its origin [107, 135].

In this thesis, we are mostly concerned with the delayed emission following the burst and observed
across all the wavebands, known as afterglow. The latter is broadly believed to result from the
interaction of the jet with the surrounding environment [136—138]. The observed spectrum is consistent
with synchrotron radiation emitted by a population of electrons accelerated at the shocks driven by
the jet into the external medium. However, this standard picture cannot accommodate the rich set of
additional features observed at late times in the afterglow lightcurve of some GRBs. For instance,
a sudden rebrightening is sometimes observed in the optical lightcurve, possibly associated with a
late activity of the central engine. This puzzling feature is called optical jump, and we will discuss
it in Chapter 8. Our understanding of the afterglow emission has been further jeopardized by the
observations of very high-energy photons (=~ O(TeV)) at late times and deep in the afterglow of some
GRBs. The very-high-energy component of the spectrum has been modeled by invoking either SSC
radiation or proton synchrotron processes, yet its origin remains largely elusive, as we will discuss in

Chapter 9.

GRBs have long been considered sources of UHE cosmic rays [139], and they are therefore promising
factories of high-energy neutrinos. The latter can be produced both during the prompt phase, through
photo-hadronic and hadronic interactions occurring inside the jet, and during the afterglow, when
protons accelerated at the external shock driven by the jet in the surrounding medium interact with
synchrotron photons produced by accelerated electrons. Yet no neutrino-GRB association has been
reported to date, and upper limits on the expected neutrino signal from the prompt and afterglow

phases have been set [140—-142].

LFBOTS are an emerging and puzzling class of transients, reaching optical peak luminosity > 10* erg
s~! on timescales < 3 days [143—146]. To date, the landscape of FBOTSs is populated by several
candidates, but only six of them can be classified as luminous: CSS161010, AT2018cow, AT2018lug,

AT2020xnd, AT2020mrf and AT2022tsd.

Intriguingly, LFBOTs display properties that straddle SNe and GRBs. The detection of a highly

variable X-ray signal suggests the presence of a central compact object [147, 148], similar to GRBs.
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However, notably, LFBOTs do not display any gamma-ray counterpart. On the other hand, the radio
signal associated with LFBOTs is consistent with self-absorbed synchrotron radiation produced through
the interaction of an almost spherical outflow with the surrounding medium [147-152], remarking the
case of radio SNe. The ejecta expand with mildly-relativistic velocities 0.1 < v < 0.6 ¢, comparable to

broad line SNe.

Many models have been invoked to accommodate all the observed features of LFBOTs. For instance,
a jet may be harbored within a collapsing massive star that has not lost completely its hydrogen
layer [153]. The jet may be either observed off-axis or choked within the extended hydrogen envelope,
with stringent constraints existing on the jet properties in both cases. Alternatively, LFBOTs may arise
from the merger between a Wolf-Rayet star and a black hole, following a common envelope phase. In
this framework, the accretion disk surrounding the final black hole may launch a fast outflow in the
polar direction [154]. Both scenarios successfully reproduce the observed optical radiation, but it is
not clear yet whether they can explain the radio and X-ray signals. Furthermore, late UV and X-ray
signals in the direction of AT2018cow have been reported at 2 and 3.7 years after its first detection,

respectively. It is not yet understood which framework could better accommodate both the persistent

UV and X-ray signals, as the latter was discovered after the two outlined models had been suggested.

Intriguingly, the conjecture of a collapsing supergiant with the subsequent launching of a jet may be
supported by the recent observations of the flaring LFBOT AT2022tsd [155]. However, the origin of

LFBOTSs remains largely elusive.

Independently on the nature of LFBOTs, high-energy neutrinos could be produced at the external shock
developed at the interaction between the outflow and the surrounding medium. If these sources arise
from collapsars, then an additional neutrino signal could be expected from the choked jet. We will

discuss high-energy neutrino production in LFBOTs in detail in Chapter 10.

Fig. 17 compares the peak luminosities and durations of the transients detected by the Zwicky Transient
Facility (ZTF), including SNe, SLSNe, afterglows and LFBOTs. The similarities in the observed properties

of SNe, GRBs and LFBOTSs hint at a common origin among these transients, possibly emerging from

the aftermath of explosive massive stars which results in a variety of ejecta geometries and luminosities.

However, this conjecture still awaits validation through additional observations and intense effort is needed to

assess whether a unified model for explosive transients is possible. The aforementioned sources will be the
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Figure 17: Duration and luminosity of fast evolving optical transients detected by ZTF. The similarity between SNe, SLSNe, GRBs and AT2018cow-like

sources (LFBOTSs) hint towards a common origin for these transients. Figure from Ref. [156].

protagonists of the following Chapters of this thesis, and we will delve into the details of each transient and

their connection with high-energy neutrinos in Parts ii and iii.



CURRENT STATUS AND FUTURE PERSPECTIVES OF MULTI-MESSENGER

DETECTORS

The remarkable milestones achieved in multi-messenger astronomy over the past decade have been possible
thanks to the substantial progress in observational techniques. Upcoming instruments will lead to an
exponential growth of the number of known transients and they will provide us with a deeper knowledge of
the high-energy neutrino sky, shedding new light on the extreme Universe. In this Chapter, we highlight the
telescopes we refer to throughout the thesis, both for electromagnetic radiation across different wavebands
and for high-energy neutrinos. However, we stress that the detection landscape extends far beyond what is

presented in this Chapter, which does not intend to provide an exhaustive overview.

5.1 ELECTROMAGNETIC TELESCOPES

Wide-field, high-cadence surveys are pivotal in the context of time-domain astronomy, as they enable us to
catch swiftly transients evolving on short timescales. Among these surveys, the operating Zwicky Trantient
Facility (ZTF) [157], the All-Sky Automated Survey for SuperNovae (ASAS-SN) [158], the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS) [159] and the Young Supernova Experiment
(YSE) [160] already pinpoint potential multi-messenger targets. They will keep providing us with unique
insights on the transient Universe in the optical and near-infrared bands. The upcoming Vera C. Rubin
Observatory [161] will guarantee an unprecedented coverage of the visible sky at regular intervals, generating
astronomical catalogs that are thousands of times larger than any previously compiled over an operational
period of ten years.

On the other hand, our knowledge of the hot transient sky will be soon revolutionized with the advent of
the Ultraviolet Transient Astronomy Satellite (ULTRASAT) [15]. The latter will monitor a large patch of
the sky in the near-ultraviolet, providing alerts to other telescopes within < 15 minutes and facilitating the

serendipitous observations of transients across multiple wavelengths.
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Figure 18: Sensitivity of X-ray and gamma-ray instruments. Currently operating telescopes are marked with continuous lines, whereas upcoming instruments

are denoted with dashed lines. Figure from Ref. [172].

The radio and sub-millimeter bands are currently monitored by the Very Large Array Sky Survey
(VLASS) [162]. However, VLASS only scans ~ 80% of the Northern Hemisphere. A plethora of additional
radio sources will be discovered through the coverage of the Southern Hemisphere with the upcoming Square
Kilometer Array Observatory (SKA) [163]. The latter will have an unprecedented large field-of-view which,
combined with its sensitivity, will be able to scan a large portion of the sky significantly faster than other
radio telescopes.

As for the higher energy part of the electromagnetic spectrum, Swift [164] and the Gamma-Ray Burst
Monitor onboard of the Fermi satellite (Fermi-GBM) [165] already provide us with key data in the X-ray band.
Likewise, our access to the gamma-ray sky is possible with the Large Area Telescope (LAT) boarded on the
Fermi satellite [166], together with ground-based Imaging Air Cherenkov Telescopes (IACTs). Currently
operating IACTs include VERITAS [167], the High Energy Stereoscopic System (H.E.S.S.) [168], the Major
Atmospheric Gamma Imaging Cherenkov (MAGIC) [169]. Our knowledge of the high-energy gamma-ray
sky has already been transformed by the Large High Altitude Air Shower Observatory (LHAASO) [170], and
it is poised to undergo a further expansion with the advent of the Cherenkov Telescope Array (CTA) [171].
The latter will consist of a combination of over 100 telescopes distributed both in the Northern and Southern
hemispheres. Fig. 18 shows the sensitivity of current and upcoming telescopes in the X-ray and gamma-ray

bands, providing insights into their comparative capabilities.
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Figure 19: Schematic view of the IceCube Neutrino Observatory. Figure credit: IceCUbe/NSF.

5.2 HIGH-ENERGY NEUTRINO DETECTION

Detecting high-energy neutrinos is not an easy task, due to the elusive nature of these particles. The
neutrino-nucleon cross section at high-energies is approximately o, x ~ 1073cm? (E, /GeV)?3°, while
Ny =~ 6 x 10°® target nucleons are contained in 1 km? of water. This yields to ~ 20 neutrino events at
~ 100 TeV energies per year per km>. Thus, it was understood quite soon that kilometer-scale detectors are

needed to detect a few tens of neutrinos with energy above 100 TeV per year.

Neutrinos propagating in the detector medium undergo weak interactions and produce charged particles.

Consequently, the widely used detection technique for high-energy neutrinos consists of catching the
Cherenkov light produced by these secondary charged particles as they propagate in the detector. To date, the
largest operating neutrino telescope is the cubic-kilometer IceCube Neutrino Observatory, made of Antarctic
ice [13]. IceCube consists of 86 strings placed 125 apart and lying 1450 m below the ground. Each string
carries 60 Digital Optical Modules, constituting the heart of the detector. The complementary in-fill array
DeepCore extends the sensitivity of IceCube to energies from 10 GeV to 100 GeV [173]. A schematic view
of IceCube is shown in Fig. 19.

With a volume =~ 8 times larger than IceCube, its upgrade IceCube-Gen2 will increase the number of
detected events of a O(10) factor [16]. An array of radio antennas is planned for IceCube-Gen2, which

will detect neutrinos with energies = O(10) PeV. The design of IceCube-Gen2 radio is based on its
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Figure 20: Top panel: Present and future telescopes aiming at detecting neutrinos from different sources and across a wide range of energies. Bottom panel:

Sensitivity curves of different high-energy neutrino telescopes to transients lasting < 1000 s. Figures from Ref. [183].

proof-of-concepts: the Antarctic Ross Ice-Shelf ANtenna Neutrino (ARIANNA) [174], the Askaryan Radio
Array (ARA) [175] and the Radio Neutrino Observatory in Greenland (RNO-G) [176]. The aforementioned
telescopes push their sensitivity to the UHE frontier (3 107 GeV), together with the operating Antarctic
Impulsive Transient Antenna (ANITA) [177], a balloon experiment expected to undergo several improvements
in the next years. Other upcoming large-scale experiments aim at detecting UHE neutrinos are the Giant
Radio Array for Neutrino Detection (GRAND)[17], the spacecraft Probe of Extreme Multi-Messenger
Astrophysics (POEMMA)[18] and the Pacific Ocean Neutrino Experiment (P-ONE)[178].

Some detectors use the Cherenkov light produced as neutrinos cross the water rather than ice, such
as KMK3NeT [179], built in the Mediterranean sea— of which ANTARES [180] can be considered the
predecessor— and Baikal-GVD [181], placed in the lake Baikal in Russia. A next generation water Cherenkov
detector operating in the MeV-GeV range will be Hyper-Kamiokande (Hyper-K), expected to be one order of
magnitude larger than its predecessor Super-K [182], effectively increasing the statistics of expected events.

An overview of the currently operating and upcoming neutrino telescopes across different energy ranges

is shown in the top panel of Fig. 20, whereas the bottom panel compares the sensitivity of different UHE

neutrino telescopes to point transient sources lasting < 1000 s.
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5.2.1 Spotlight on the IceCube Neutrino Observatory: events’ morphology and detection techniques

As of today, IceCube is the telescope with the highest sensitivity (to high-energy events) currently operating.

Therefore, it is imperative to discuss in more detail its detection techniques and the morphology of the neutrino
signals. Neutrinos crossing IceCube interact with the nuclei in the ice through deep inelastic scatterings. In
charged current (CC) interactions a W* boson is exchanged, resulting in the creation of a charged lepton with
the same flavor as the incoming neutrino. On the other hand, in neutral current interactions (NC) a neutral Z°
boson is exchanged and the nucleus remains intact. The interaction process (CC or NC) and the outgoing
lepton flavor determine the kind of signal detected at IceCube, as summarized in Fig. 21 and detailed in the

following.

* Muon neutrinos: Before interacting or decaying, muons cross large paths in the ice and therefore
produce a track signal of Cherenkov light. Tracks have excellent angular resolution and they can be

used to reconstruct the direction of the incoming neutrino.

* Electron neutrinos: Contrarily to muons, electrons have a short length-scale and they interact many
times within a volume completely confined within the detector. As a result, they produce a cascade
of Cherenkov light whose energy resolution is high, making that kind of signals a powerful tool to

reconstruct energy information.

* Tau neutrinos: The signal produced by tau neutrinos is particularly interesting: they produce a first
cascade through CC interactions and a second one due to their decay into a lighter lepton. The result is
a double-bang signal, which can be fully distinguished by a simple cascade only for the tau neutrinos

with the highest energies[16].

As already mentioned, the detection of neutrinos of astrophysical origin is challenged below energies
< 100 TeV, where the background is populated by atmospheric neutrinos produced when cosmic rays interact
in the atmosphere [32]. However, the nature of the detected signal at IceCube can be disentangled through
three different techniques. First, the Earth can shield atmospheric muons and one can select up-going track
events only, a method known as Through-Going Muon Track. Alternatively, one can consider only neutrino
interactions initiated within the detector— the so called High-Energy Starting Events— by using the outer

region of IceCube as a veto system. Finally, since neutrinos of atmospheric origin are mostly muon neutrinos,
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Figure 21: Morphology of the IceCube neutrino events, depending on the reaction channel of the incoming neutrino (NC or CC) and the flavor of the
outgoing lepton. Left panel: A track signal from an incoming muon neutrino. Center panel: Cascade signal from an incoming electron neutrino.

Right panel: Double-bang signal from an incoming tau neutrino. Figure from Ref. [16]

one can only look for cascade and double-bang events. For a more detailed discussion, we refer the reader to

[184].

5.2.2  Multi-messenger follow-up campaigns

In order to capitalize on the power of multi-messenger astronomy, networks merging multiple instruments
conduct real-time correlation searches and analyses of the signals across all the direct astronomical messengers:
photons, neutrinos and gravitational waves. A simplified cartoon of a generic multi-messenger network
of telescopes is shown in Fig.22. These networks effectively improve the collective sensitivity of different
instruments, while also facilitating prompt follow-up searches of potential counterparts of the observed
messenger. As mentioned in Chapter 2, the extensive multi-wavelength campaign following the observation
of GW170817 enabled the detection of the whole electromagnetic spectrum of the short GRB associated
with the gravitational wave events [41]. Follow-up searches of high-energy neutrinos were also carried out,
however, no high-energy neutrino was detected in coincidence with the event [43]. Yet the serendipitous
observation of a gravitational wave event alongside a short GRB underscores the pivotal role of telescope
networks for multi-messenger follow-up searches of transients.

As our focus is on high-energy neutrinos and their connection with electromagnetic radiation, we mention

some follow-up campaigns carried out for these two messengers:

* Target-of-opportunity searches for optical counterparts to the high-energy neutrinos detected at IceCube
are carried out by ASAS-SN, ZTF and Pan-STARRS. In turn, IceCube looks for neutrinos in the

direction of transients observed by optical surveys.
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astronomical coordinates of the astrophysical source to other instruments.

* Due to the natural connection between high-energy neutrinos and high-energy gamma-rays, Fermi-LAT,
the TACTs and IceCube look for high-energy gamma-rays in association with high-energy neutrino

events.



INTERLUDE

The previous Chapters have offered an overview of the current status of multi-messenger astronomy. We now
briefly outline the contents of this thesis and the way they contribute to addressing some open problems in
the field. As our focus is on the connection between high-energy neutrinos and electromagnetic radiation
from transients, we will not further discuss other messengers or astrophysical sources.

The exciting milestones in multi-messenger astronomy spur the development of increasingly advanced
theoretical models, aimed at answering the pivotal questions raised by recent observations. The multitude of
telescopes with improved sensitivity on the horizon introduced in Chapter 5 anticipates the discovery of an
increasing number of transient phenomena, together with a surge in the number of high-energy neutrinos
detected in coincidence with them. Therefore, it is timely and crucial to investigate the connection between
the most enigmatic phenomena occurring in our Universe and the particles with the highest energy ever
detected. What can high-energy neutrinos teach us about the source? What are the most promising transients
to target for high-energy neutrino searches? In preparation for the bright future ahead of multi-messenger
astronomy, in this thesis we tackle these questions. Our results highlight the potential of high-energy neutrinos
as unique probes in astrophysics.

In Part ii we outline how neutrinos can shed light on GRBs. In Chapter 7 we explore optically thick regions
of collapsar jets through high-energy neutrinos. Not only neutrinos can provide unique insight into the
innermost regions of the outflow, but they can also be used to track the environments surrounding GRBs. We
discuss this possibility in Chapter 8, where we inspect the unusual feature displayed by some GRB afterglows
called optical jump. Likewise, in Chapter 9 we combine multi-wavelength data and high-energy neutrinos
to investigate whether the environments of GRBs observed at very-high-energy at late time during their
afterglows share common properties

In Part iii we combine multi-wavelength data and high-energy neutrinos to inspect the nature of emerging
classes of high-energy transients. In Chapter 10, we prove that neutrinos may disentangle the process powering

LFBOTs and exclude regions of the parameter space otherwise allowed by electromagnetic observations.
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Finally, we note that although potential sources of high-energy neutrinos can be identified both theoretically
and observationally, it is still poorly understood which electromagnetic waveband can be better correlated
with neutrinos. This is an important problem in multi-messenger astrophysics, and its resolution would
allow us to carry out informed follow-up observations of high-energy neutrino counterparts of astrophysical
transients. We tackle this issue in Chapter 11.

Our findings not only advocate for intensified efforts to detect high-energy neutrinos stemming from
transients, but also emphasize the need for more realistic modeling of particle acceleration and production in
these sources, which can be achieved by relying on the outputs of advanced numerical simulations. This
thesis offers insights into how neutrinos, combined with multi-wavelength data, can serve as guiding beacons

in unraveling the nature of the most energetic and extraordinary phenomena occurring in our Universe.
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STATE-OF-THE-ART COLLAPSAR JET SIMULATIONS IMPLY

UNDETECTABLE SUBPHOTOSPHERIC NEUTRINOS

Based on: Ersilia Guarini, Irene Tamborra, Ore Gottlieb, State-of-the-art collapsar jet simulations imply

undetectable subphotospheric neutrinos, PRD 107 (2023) 2, 023001, arXiv:2210.03757

ABSTRACT Mounting evidence suggests that the launching of collapsar jets is magnetically driven.
Recent general relativistic magneto-hydrodynamic simulations of collapsars reveal that the jet is continuously
loaded with baryons, owing to strong mixing with the cocoon. This results in a high photosphere at > 10'? cm.
Consequently, collisionless internal shocks below the photosphere are disfavored, and neutrino production
in the deepest jet regions is prevented, in contrast to what has been assumed in the literature. We find that
subphotospheric neutrino production could take place in the presence of collisionless sub-shocks or magnetic
reconnection. Efficient particle acceleration is not possible in the cocoon, at the cocoon-counter cocoon
shock interface, or at the shock driven by the cocoon in the event of a jet halted in an extended envelope.
These subphotospheric neutrinos have energy E, < 10° GeV for initial jet magnetizations oy = 15-2000.
More than one neutrino event is expected to be observed in Hyper-Kamiokande and IceCube DeepCore for
bursts occurring at z < O(0.1). Because of their energy, these neutrinos cannot contribute to the diffuse flux
detected by the IceCube Neutrino Observatory. Our findings have implications on neutrino searches ranging

from gamma-ray bursts to luminous fast blue optical transients.

7.1 INTRODUCTION

Relativistic jets are known to play a crucial role in a wide range of astrophysical transients, however many
aspects of the jet physics remain poorly understood. For example, the mechanism powering short- and
long-duration gamma-ray bursts (GRBs) is still puzzling [133, 134, 185], with hydrodynamic [186] or

magnetized jets [187] being proposed. Relativistic jets have also been invoked to model the explosion of
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some core-collapse supernovae as well as common envelope jet supernovae [188—190]. Intriguingly, also
the emerging class of luminous fast blue optical transients (LFBOTs) may harbor relativistic jets, likely
choked [153], as suggested by the asymmetry of the outflow responsible for the radiation observed in the
ultraviolet, optical, infrared, radio, and X-ray bands [148, 152].

Independently on the source, the central engine of collapsar jets is expected to be a compact object (CO),
which can either be a hyper-accreting black hole or a rapidly spinning magnetar [153, 154, 191-193]. The
outflow is powered over a limited time interval, during which energy is extracted electromagnetically—by
tapping into the rotational energy of the CO or the harbored magnetic field [187, 194]—or thermodynamically,
through neutrino annihilation [195-197]. After its launch, the jet propagates through the stellar envelope and
may break out or be choked, e.g. if it is too weak or the stellar envelope is too dense [198-200]. Independently
of its fate, the jet inflates the cocoon, while piercing through the stellar mantle, and the cocoon inevitably
breaks out from the stellar envelope [201-205].

Multi dimensional simulations of hydrodynamic jets contributed to shed light on the jet properties and
evolution [206-213], though it is currently understood that, while energy deposition through neutrino
annihilation can accelerate outflows with large Lorentz factors, if the baryon loading is low along the polar
funnel, jet launching is more efficient if magnetically driven [214-216]. The first simulations of magnetized
jets, e.g. Refs. [217-221], could not successfully follow the jet upon its breakout from the star, and the jet
was artificially launched at the boundary of the simulation grid. More recently, Ref. [222] carried out the first
3D general relativistic magneto-hydrodynamic (GRMHD) simulation of a highly magnetized relativistic
jet that breaks out from a star, expanding on the findings of Ref. [223] and illustrating the need for strong
magnetic fields to allow for successful jet breakout with relativistic Lorentz factors.

Relativistic jets are deemed to be factories of ultra-high-energy cosmic rays and neutrinos up to
0(10'%) GeV [36, 224-226]. Neutrinos could be produced in jets through photo-hadronic (py) [224,
225, 227] or hadronic (pp and pn) interactions (the latter are expected to be more efficient in the innermost
regions of the outflow where the baryon density is large [228-230]), as pointed out through a number of
analytical models [224, 231-242]. But before breakout, the jet is subject to strong mixing with the cocoon,
which results in heavy baryon loading [222]; this reduces the Lorentz factor of the outflow and substantially
increases its opaqueness, preventing the formation of collisionless shocks and potentially disfavoring neutrino

production [222, 243-245]. In addition, the mixing between the highly magnetized jet with the weakly
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magnetized stellar material leads to reduction of the jet magnetic energy, which also impacts neutrino
production [231, 246].

Neutrinos with > O(10) TeV energy could be produced in optically thick regions of relativistic jets [234,
235, 237, 247-255]. Internal shocks occurring at large densities in the outflow, or in an extended envelope
surrounding the star, have been deemed to lead to efficient neutrino production. Most of the aforementioned
work relies on the criterion for the formation of collisionless shocks [247]; the latter is fulfilled by jets with

low luminosity and reaching high Lorentz factors before undergoing collimation. However, such properties

may not be common to all jet-powered transients, nor supported by numerical simulations of collapsar jets.

Subphotospheric neutrino production has been explored in Ref. [236], in the context of short GRBs; it
was found that the production of high energy neutrinos in the optically thick part of the outflow is highly
suppressed, due to the large baryon density and magnetic field that limit the maximum energy up to which
protons can be accelerated. Unsuccessful jets, dark in gamma-rays and producing neutrinos while still inside
the stellar progenitor, have also been suggested as major contributors to the diffuse flux detected by the
IceCube Neutrino Observatory [122, 235, 237, 256].

The non-thermal production of neutrinos could take place in the subphotospheric region through other

poorly explored processes. Even though collisionless shocks are disfavored within the optically thick region

of the outflow, collisionless sub-shocks may emerge in the outflow in the presence of mild magnetization [89].

Furthermore, Ref. [222] reveals that magnetic energy may be dissipated in the jet, while the latter is still
embedded in the stellar envelope. Hence, magnetic reconnection may be another viable mechanism for
particle acceleration in the optically thick regions [187, 257-260].

In this paper, for the first time, we carry out a realistic modeling of subphotospheric neutrino production
by post-processing the outputs of the 3D GRMHD simulations presented in Ref. [222]. We find that
neutrino production can occur in mildly-magnetized collisionless sub-shocks [89] and because of magnetic
reconnection [187, 257, 258] in the innermost regions of the outflow. We also investigate possible neutrino
production in the cocoon and at the interface between the cocoon and the counter-cocoon, showing that
particle acceleration is hindered. To date, the simulations presented in Ref. [222] are among the most
advanced ones of collapsar jets, yet affected by some limitations. A larger and more advanced simulation set

would be needed to comprehensively assess subphotospheric neutrino production in collapsar jets.
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7.2 JET MODEL

Our work is organized as follows. In Sec. 7.2, we present our benchmark models of collapsar jets. In
Sec. 7.3, we introduce the energy distributions of photons and protons produced at the acceleration sites, as
well as neutrinos. In Sec. 7.4, we discuss viable acceleration mechanisms below the photosphere, namely
sub-shocks and magnetic reconnection. In Sec. 7.5, we investigate subphotospheric production of neutrinos
in the outer regions of the jet and show under which conditions the jet is halted in the stellar envelope or
an extended outer envelope. The expected neutrino production from subphotospheric acceleration sites is
summarized in Sec. 7.6, while the detection prospects are presented in Sec. 7.7. Finally, in Sec. 7.8 we
draw conclusions on our findings. A discussion on the thermalization of the photon spectrum is reported in
Appendix A.1, while Appendix A.2 summarizes the main proton and meson cooling times. Appendix A.3
explores possible acceleration sites linked to the cocoon, while we outline the production of neutrinos in

successful jets in Appendix A.4 for reference.

7.2 JET MODEL

We rely on the 3D GRMHD simulations presented Ref. [222]. The simulations have been carried out
through the code H-AMR [261] (we refer the interested reader to Refs. [222, 223] for details on the numerical
implementation). The initial magnetic field configuration allows for a self-consistent jet launching and
production of a long-lived jet, which breaks out from the stellar progenitor.

The CO powering the jet is a Kerr BH with mass Mgy = 4 M and dimensionless spin s = 0.8. The
BH is embedded in a Wolf-Rayet star of mass M, = 14 M, extended up to Ry = 4 x 10'° cm. The initial
magnetic field is uniform and vertical inside the magnetic core, which extends up to ~ 10% cm; outside the
core, the magnetic field profile decreases as R~!, being R the distance from the CO. The simulation tracks
the collapse of the stellar envelope onto the CO and subsequent formation of an accretion disk. A bipolar jet
is launched a few milliseconds after the collapse, as shown from the snapshot in Fig. 23. The CO powering
the jet exhibits an intrinsic variability on a timescale 10 ms < 7, < 100 ms. The simulation runs for 18 s
after the launching of the jet.

A jet with opening angle 6; ~ 0.1 rad and time-varying luminosity L j forms. The jet is powered over the

time interval 7;, so that the total energy the CO injects initis £; = fotj dfL;(7) !. The simulation reveals that

We adopt three different reference frames throughout this paper: the CO frame, the observer frame and the jet comoving frame.

Quantities in each of these frames are denoted as: X, X, and X/, respectively.
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Figure 23: Isocontour of the matter density of the star (yellow) and the cocoon (white-brown) combined with the asymptotic proper velocity of the jet
(grey/blue) for the simulation with oy = 15 extracted when the jet head is at R =~ 10R, =4 X 10'!. The jet is collimated by the cocoon, which
breaks out from the star. A shock develops at the interface between the cocoon and the counter-cocoon (same colors as the cocoon, but on the

opposite axis).

the disk-jet system develops misalignment relative to the CO axis. This results in the jet wobbling with an

angle 6,, ~ 0.2 rad throughout its propagation. The effective opening angle of the jetis ~ 6; +6,, = 0.3 rad.

It is useful to define the total isotropic-equivalent luminosity of the jet Liso = L/ («93 / 2), since it is directly
related to the observed quantities on Earth [134]. The post-breakout jet isotropic luminosity is Lis, =~ 107 erg
s~!, although it might seem that this luminosity lies in the tail of the luminosity distribution of long duration
GRBs [262], Liso effectively observed would be smaller because of the jet wobbling and therefore within
average or just above the peak of the luminosity distribution of long GRBs [262]; see Ref. [263] for a detailed
discussion. Our benchmark simulation does not constrain the jet lifetime. Hence, we assume ¢; = 10 s, which
is representative of long GRBs [264]. Note that other sources of interest—such as LFBOTSs or low luminosity
GRBs—have typical luminosity smaller than the ones of long GRBs, see e.g. Refs. [147, 152, 265].

The magnetic field of the CO plays a crucial role in the launching of the jet. A fundamental quantity

entering the dynamics of the outflow is its magnetization,

B/2

o="—,
4rp’c

(7.1)

where B’ is the comoving magnetic field strength and p’ is the comoving matter density in the jet. Simulations

are performed for two initial magnetizations: o = 15 and o = 200. The initial magnetization of the jet
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Figure 24: The top (bottom) panels show the radial profiles of the angle averaged proper velocity (blue line), magnetization (pink line) and matter density
(purple line) in the jet (cocoon) for initial magnetization o9 = 15 (left panels) and o9 = 200 (right panels). These quantities have been
extracted when the jet head is at R =~ 10R, cm. The magnetization in the jet decreases, while its proper velocity increases as a function of
the radius. This hints that magnetic energy is efficiently converted into kinetic energy of the jet up to R =~ 3 x 108 cm (R =~ 2 x 10° cm) for
oo = 15 (o = 200), where both the magnetization and the Lorentz factor start showing an erratic behavior. The cocoon has roughly constant

magnetization and proper velocity (B.I'c) < 1 throughout the whole evolution.

corresponds to the maximum asymptotic velocity that each fluid element in the outflow can reach, if no
mixing takes place.

Because the jet wobbles, it is convenient to describe the jet dynamics in terms of angle averaged quantities,
namely the energy-flux weighted quantities. The top panels of Fig. 24 show the jet proper velocity (5,;I';),
magnetization (o), and comoving matter density (p}), where the symbol (...) denotes angle averaged
quantities. Here, 8; and I'; are the dimensionless velocity and the Lorentz factor of the jet, respectively. The
left (right) panel has been obtained for oy = 15 (0 = 200), and all quantities have been extracted when the
jethead is at R ~ 10 R,. The magnetization of the jet (o ;) decreases with the radius, a fraction of which is
dissipated, while some is invested in accelerating the bulk motion, hence the increase in (3,I';). This hints

towards efficient conversion of magnetic energy into kinetic energy, up to R ~ 3 x 108 cm (R ~ 2 x 10° cm)
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Figure 25: Angle averaged radial profile of the comoving temperature (77 ) (blue line) and magnetic field magnitude (B’ ) (green line) for oo = 15 (left

panel) and o = 200 (right panel). These quantities have been extracted when the jet head is at R ~ 10R,.

for op = 15 (0 = 200). At this distance from the CO, both (o) and (3;I';) start showing an erratic behavior,
induced by the entrainment of stellar material from the cocoon in the jet. In Fig. 25 we show the comoving
angle averaged temperature (T]’. )y and magnetic field (B;.) along the jet, when the jet head reaches R = 6R,,
as in Fig. 24. The temperature and the magnetic field profiles are similar for both initial configurations with
oo = 15 and o = 200.

While it propagates through the star, the jet inflates a high pressure region, the cocoon, which plays a
fundamental role in the collimation of the jet [201-205]. The cocoon, see also Fig. 23, is characterized by
the average proper velocity (8.I'.), magnetization (o), and comoving matter density (p’.), whose radial

profiles are shown in the bottom panels of Fig. 24. The cocoon magnetization is (o) < 0.1 throughout its

whole evolution. The cocoon propagates at non-relativistic to mildly relativistic velocities, with (8.I'.) < 1.

The isocontour in Fig. 23 shows the existence of the counter-cocoon (white/brown region), which collides
with the cocoon outside the star at the distance R ~ 2R,.

The jet-cocoon mixing observed in Fig. 24 plays a crucial role in the definition of the outflow optical depth,
since it increases the jet baryon density and it reduces the jet Lorentz factor. Hence, we show a contour plot
of the Thompson optical depth 7 of the outflow in Fig. 26. The latter is highly optically thick throughout
the simulation duration, while we find that the jet becomes optically thin (r ~ 1) at the photospheric radius
Rpp = 102 cm, independently on the initial magnetization of the jet (see Ref. [153] for a discussion). The
role of jet-cocoon mixing has been overlooked in the literature; this led to underestimate the optical depth of

relativistic outflows, with consequent optimistic conclusions on particle acceleration efficiency [247].
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Figure 26: Isocontour of the outflow optical depth extracted when the jet head is at R =~ 10R . The jet is highly optically thick at all times, with 7 > 103

From the simulation it can be extrapolated that the photosphere is located at Rpyy 2 10'2 cm, independently on the initial magnetization.

Lower baryon densities may be possible if the jet achieves Lorentz factors of O(100) early on. In this
scenario, optically thin regions may form deeply embedded in the star. However, state-of-the-art numerical
simulations suggest that the jet is likely loaded with baryons as soon as collimation starts, both for low- and
high-luminosity collapsar jets [212, 213, 243, 244]. Therefore, acceleration to ultra-relativistic Lorentz
factors at small radii seems unlikely in collapsar jets. Further work is needed to shed light on possible

exceptions.

7.3 ENERGY DISTRIBUTIONS OF PHOTONS, PROTONS, AND NEUTRINOS

The main goal of this paper is to investigate neutrino production below the photosphere in collapsar jets.

We do so, by relying on the jet model outlined in Sec. 7.2. Neutrinos can be copiously produced through
photo-hadronic (py) and hadronic (p p) interactions. The former take place when accelerated protons interact
with a photon target, while the latter involve the collision of relativistic protons on proton targets in the
outflow.

The process responsible for particle acceleration is still subject of active research. To date, the most
commonly invoked mechanisms are diffusive shock acceleration [133, 134, 266, 267] and magnetic
reconnection [268-270]. The outcome of both processes are non-thermal distributions of particles, which we

introduce in this section.
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7.3.1 Photon energy distribution

Both in diffusive shock acceleration and magnetic reconnection processes, accelerated electrons are expected

to cool by emitting synchrotron radiation [259, 260, 271]. Since dissipation of energy occurs in a highly

optically thick region (see Fig. 26), synchrotron photons quickly thermalize to a black-body distribution [259].

The timescale over which the synchrotron spectrum thermalizes is much faster than any other relevant
timescale for photon interactions, see Appendix A.l. Hence, the photon energy distribution in the region of
interest is given by [in units of GeV~! cm™3]:

El2

’ ANV Y
n',(E’) —Ay—eE;/kBq;> - (7.2)

- -1
where kp is the Boltzmann constant and A, = a(TJ’.“) [ /0 dE;E;,n;,(E’y)] , with a being the radiation

constant. The radial profile of the comoving temperature (T]f) is extracted from our benchmark jet simulations
and it is shown in Fig. 25. The photon distribution in Eq. 7.2 is evaluated at each radius R where photons are
produced.

Note that synchrotron photons might not be abundant enough to ensure complete thermalization. In this
case, photons would resemble a Wien distribution rather than a black-body one [106, 272]. The photon
spectrum may adjust to a Wien distribution also because of pair production, which maintains the photon
bath at a comoving temperature 7y, =~ 50 keV [211]. This result holds for hydrodynamic jets and it is yet
to be proven for magnetized outflows [222]. However, since the optical depth in the region of interest is
extremely large, as shown in Fig. 26, we assume that deviations from the black-body distribution (Eq. 7.2)
are negligible in the region of interest. This approximation is also justified as we have tested that the neutrino
distribution is not sensitive to differences between the black-body and Wien distributions (results not shown

here; see also Sec. 7.3.3).

7.3.2  Proton energy distribution

The non-thermal proton energy distribution is [in units of GeV~! cm™3]:

’ ’ r 'k ’ ’ ’ ’ @p
Wo(Ep) = ALEL 0 (B = Ep ) exp |~ (Ep/Epan) | (7.3)
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where k), is the proton spectral index, @, = 2 takes care of the exponential cutoff [115], and ® is the

’

Heaviside function. E’ . is the minimum energy of accelerated protons and E
p,min p,max

is the maximum energy

at which protons can be accelerated. The latter is fixed by requiring that the proton acceleration rate t;,_’alcc is

-1

smaller than the total cooling rate ¢ s
p,cool

with the proton cooling rates being outlined in Appendix A.2.

-1
P dELE,n, (E) |, with &4 being the dissipation

o ;o /
The normalization constant A}, = &,&4€) ﬁ% .

efficiency and g, the fraction of the dissipated kinetic energy stored in accelerated protons. Finally,
e, = (p})cz((l“ 1) — 1) is the kinetic energy density of the outflow. The specific values for the parameters
entering in Eq. 7.3 depend on the mechanism responsible for particle acceleration; we introduce their values

in Sec. 7.4.

7.3.3 Neutrino energy distribution

Neutrinos can be produced through py or pp interactions. In the following, we introduce these interaction

channels and the resultant neutrino distributions.

7.3.3.1 Neutrino production through py interactions

When accelerated protons interact with the photons thermalized in the jet, efficient py interactions take place
(see Appendix A.2). Hereafter, unless otherwise specified, we do not distinguish between neutrinos and
antineutrinos and we refer to their sum v, = v, + V4, Where @ = e, u, 7 is the neutrino flavor. The main

channels for pvy interactions are

p+y — A—-n+nt,p+n® (7.4)

p+y — K'+A/T. (1.5)

Subsequently, neutral pions decay into gamma rays: 7°

— 2y. Neutrinos are produced through the
charged pion (kaon) decay chain 7*(K*) — u* +v,,, followed by the muon decay u* — v, + v, +e*, and

n— p+e” +7¥,,and the related antiparticle decay channels.
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In order to compute the neutrino distribution, we rely on the photo-hadronic model of Ref. [115]. For the
given injected energy distribution of protons n,(E},) and distribution of target photons n’,(E’), secondary

mesons / (with [ = 7%, 70, K*) are produced in the comoving frame at a rate [in units of GeV!'em™3 s71:

© dE’ o0
Q’(E’):c/ f’n’(E’)/ dE'n',(E.)R(x,y) , (7.6)
1\=1 e E) P Eu/2y) Yy

1
where x = E]/E), is the fraction of the proton energy which goes in the secondaries, y = y},E7, and R(x, y)
takes into account the interaction physics. The photon and proton distributions are given by Eqgs. 7.2 and 7.3.
Charged mesons [ undergo energy losses, quantified by the cooling time t;;gol. Energy losses of

secondaries are particularly important when the magnetic field and the baryon density are very large, as

shown in Appendix A.2. The spectrum of mesons at decay is:

rdec ’ ’ ’ t; coolml
Ql (El) = QI(EI)[I - exp(— : )] > (7.7)

[
ET]
with 7/ being the lifetime of the meson /. The comoving neutrino production rate from decayed mesons is [in

units of GeV~! ecm™3 571

0,,(E)) = /°° < 0, “(E))Fi_y E , (7.8)
R A U
where a is the neutrino flavor at production and F;_,,,, is provided in Ref. [273]. The cooling of secondaries

affects the resulting neutrino spectral energy distribution [273]. In particular, when kaons cool before

decaying they contribute significantly to the neutrino spectrum at high energies [238, 274-276].

7.3.3.2  Neutrino production through pp interactions

Because of the large proton densities in the innermost regions of the outflow, pp interactions copiously
contribute to sub-photospheric neutrino production. Accelerated protons interact with the static proton target
in the jet, producing charged and neutral pions in equal numbers.

At each radius along the jet, the proton number density is given by

’ _ﬂ (7.9)
n, ;= 2y .

where we assume an equal amount of baryons and leptons in the jet. The radial profile of the angle averaged
matter density (p}) is shown in Fig. 24.

As for the modeling of pp interactions, we rely on Ref. [116] and, in particular, focus on E7, < 0.1 TeV.
This is justified, since the contribution of pp interactions dominates over py interactions for E), < 102 GeV,

as shown in Appendix A.2.
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The comoving pion production rate [in units of GeV~! cm™3 s~!] is given b
g pon p g y

4 ’

cn), E
QL (E) =ii—= 0',,,7 (m,, + K_:) n'p(E;,) , (7.10)

where n;’ j is defined in Eq. 7.9 and n/,(E},) is the energy distribution of accelerated protons in Eq. 7.3. The
free parameters are assumed to be: 77 ~ 1 and K, =~ 0.17; the former is a valid approximation [116], the
latter is the pion multiplicity for E}, < 0.1 TeV [277]. Finally, o, is the energy-dependent cross-section for
pp interactions, which is provided in Ref. [277].

Since secondaries are affected by strong energy losses in the optically thick region, the cooling of pions

must be taken into account. The pion spectrum at decay can be approximated as in Eq. 7.7, using the initial

rate in Eq. 7.10. The production rate of muon neutrinos from pion decay reads [in units of GeV~! s~! em~3]:
® dE’ ’ 1
Qs (E}) = ——i—@ﬁ(ﬁ“(), (7.11)
Epuy \Ep — mipc? Er

where E/ . = E, + m? [4E!, is the minimum energy of pions and fv(”l) is a function given in Ref. [116].
As for muons from pion decay, the treatment in Ref. [116] does not include their cooling before decaying
and producing neutrinos. We therefore follow Ref. [238] and assume that the cooling of muons results in an

additional term in the neutrino spectrum approximated by [1 — exp ( L.cool

The neutrino production rate from muon decay is [in units of GeV~! s~! cm™3]:

l’ m (s8] ’
’ ’ ,cool " H dE 7d 2)
Q) (E) = 2|l-exp|-t— ——L QN (E) . . (112)
e Eutu J] Jey, VE —mEct
[’ m e dE/ E/
’ EY = 2|1- _ _cool T H 'deC 713
G5 exp( A | S v B V) R

where the functions f, ) and fv, are given in Ref. [116]. The total production rates of muon and electron

neutrinos are

0,,(E)) Qs (E)) + Q) s (7.14)

0, (Ey)

Qs - (7.15)

2 Muons are produced by the cooled population of pions and then they undergo further energy losses. As a consequence, the spectrum
of neutrinos from muon decay is highly suppressed compared to the one produced in the direct decay of pions. Hence, the approach
adopted in Ref. [238] is a good approximation to our purposes, since we do not expect muons to contribute significantly to the neutrino

signal, see also Sec. 7.6.

muJELT )] with E], ~ E, /32,
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7.3.4 Neutrino flux at Earth

Neutrinos undergo flavor oscillation on their way to Earth [278, 279]. Hence, the resulting observed fluence

for the flavor « is [in units of GeV~! cm™2]:

2
®,, (E,2) = Vit Ev(1+z))’

e ()ZPVWQ(EV)Q ( o

where z is the redshift of the source harboring the jet, i = j, ¢ depending on the neutrino production site
(i.e. the jet or the cocoon), Q;, (E (1+4z)/(I;)) is the comoving neutrino production rate for py or pp
interactions, given by Eq. 7.8 and Eqgs. 7.14-7.15, respectively. The comoving volume of the interaction

region is V’ ~ 2‘91‘2”Ri3m /(2(T’;)) [280], where Rjy is the distance from the CO where the interaction takes

place. The outflow lifetime measured on Earth is ¢; = 7;(1 +z). The neutrino oscillation probabilities,

Pysv, = Pogov,, are given by [279]:

1 .
Pve—n/” = va—we = Pve—w.r = Z 51H2 26017, (7.16)
1 .
Pyymvy = Py, = g(4=sin’ 012) , (7.17)
1 .2
P, = 1- 3 sin“ 26, , (7.18)

where 0, ~ 33.5° [277, 281].

In a standard flat ACDM cosmology, the luminosity distance is

dr(z)=(1 +z)— dz , (7.19)
‘/QA+QM(1+Z)3

where we adopt Hy = 67.4 km s7! Mpc_l, Qp = 0.315, and Q5 = 0.685 [277]. In the following, unless
otherwise specified, we assume that the source harboring the collapsar jet is located at z = 2, namely at the

peak of the redshift distribution of long GRBs [282].

7.4 INNER SUBPHOTOSPHERIC PARTICLE ACCELERATION SITES

As discussed in Sec. 7.3, efficient neutrino production occurs where particles can be accelerated efficiently.

In this section, we outline two possible mechanisms for particle acceleration in the optically thick region
of collapsar jets: magnetic reconnection and collisionless mildly magnetized sub-shocks emerging within

radiation mediated shocks, and present the corresponding neutrino fluence. We stress that our results are
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Figure 27: Sketch of the particle acceleration sites in the optically thick regions of the jet shown Fig. 23 (not in scale). The jet (white-purple) is launched by
the CO (black) and it inflates the cocoon (aqua region) and the counter-cocoon while propagating in through the star (yellow); the photosphere
radius is marked for orientation. Magnetic reconnection is efficient deep in the outflow (R =~ 10%-10° cm), where the magnetic energy is
dissipated and converted into kinetic energy of the jet. At larger radii (R = 10°-10'0 cm) particles can be accelerated at the collisionless

sub-shocks where the outflow is mildly magnetized. Both magnetic reconnection and sub-shocks lead to neutrino production.

based on the physics of our benchmark jet model [222]. Nevertheless, ours is a first step towards a more
realistic modeling of particle acceleration in collapsar jets. A schematic summary of the particle acceleration

regions is displayed in Fig. 27. We rely on the angle averaged profiles shown in Figs. 24 and 25.

7.4.1 Magnetic reconnection

When the central engine hosts a highly variable magnetic field, particle acceleration can take place through
magnetic reconnection [101, 283-285]. In the standard picture, magnetic energy is gradually dissipated
along the jet, starting below the photosphere and extending over a wide range of radii [257, 258].

The central engine powering the outflow changes polarity on a length scale . When magnetic lines
of inverse polarity reconnect, magnetic energy is dissipated. Half of the dissipated energy is converted
into kinetic energy of the jet. The remaining half is believed to go into particle acceleration. Magnetic
reconnection is no longer efficient when the magnetization of the outflow drops to o-; ~ 1, where the jet stops

accelerating. For a review on the analytical modelling of magnetic reconnection see, e.g., Refs. [259, 260].
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Figure 28: Radial profiles of the angle averaged magnetization (o-;) and Lorentz factor (I';) in the jet, for o9 = 15 (left panel) and o = 200 (right
panel), same as the top panels of Fig. 24. Magnetic reconnection can efficiently occur from R = 2 ~ 2 X 108 cm (namely the length scale
over which the magnetic field inverts polarity) through the radius such that (o ;) =~ 1. This corresponds to the following radial ranges:
R € [2x108,3.5x 108] cm for o7y = 15 (gray shaded region in the left panel) and R € [2 x 108,2 x 10°] cm for oy = 200 (gray shaded

region in the right panel). Magnetic reconnection is not efficient for the jet with o = 15.

Our two benchmark jet simulations show polarity inversion of the magnetic field lines over a typical length
scale 1 =~ 2 x 108 cm, both for o = 15 and oy = 200. This length scale is in very good agreement with the
one usually adopted in the literature (i.e. 1 =~ 108-10° cm) [259]. Magnetic energy is efficiently converted in
kinetic energy along the outflow, as shown in Fig. 24 and discussed in Sec. 7.2.

The left panel of Fig. 28 shows the radial evolution of the jet Lorentz factor and the magnetization for
oo = 15. One can see that particle acceleration through magnetic reconnection can only occur over a very
narrow radial range, since the jet magnetization drops to unity at R ~ 3.5 x 108 cm. We conclude that
magnetic reconnection is therefore inefficient for oy = 15. On the other hand, the right panel of Fig. 28
shows that the jet Lorentz factor increases up to R ~ 2 x 10° cm for oy = 200, where its magnetization
approaches (o;) =~ 1. This hints that magnetic energy is efficiently dissipated up to this radius, where (I';)
starts displaying an erratic behavior and the jet becomes mildly magnetized. Hence, magnetic reconnection
can take place over the range R ~ 2 x 1032 x 10” c¢m, outlined with a gray shaded band in Fig. 28. We warn
the reader that the range of radii highlighted in Fig. 28 is sensitive to the initial magnetization of the jet: a
larger o may stretch the region over which magnetic reconnection occurs, since the jet would reach (o) = 1
at R > 10° cm. On the other hand, the erratic behavior of (I’ 1) could inhibit magnetic reconnection before

the jet magnetization drops below unity.
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When protons are accelerated through magnetic reconnection, the proton energy distribution (Eq. 7.3)

depends on the outflow magnetization. The proton spectral index is parametrized as [99] 3:

0.7
kp =19+ . (7.20)
V{T;)
The fraction of dissipated energy stored in accelerated protons is [99]
1 <O’j>
=1--11 —_— 7.21
A 1o+<o-j>) ’ (721

where o is shown in Fig. 28. Finally, following Ref. [231], we assume that protons are accelerated with a

minimum energy

EI

epkp—2
' i L_P } (7.22)

= mpc2 max [1, (o Tk,, 1

7.4.2  Neutrino fluence from magnetic reconnection

Figure 29 shows the muon neutrino fluence originating from magnetic reconnection for our jet with oy = 200
(no neutrino production due to magnetic reconnection occurs for oy = 15). The neutrino distribution is
determined by py interactions for E, > 50 GeV and pp interactions for E, < 50 GeV. The bump in the
high-energy tail of the energy distribution comes from kaon decay, as expected due to the large magnetic

fields and baryon densities along the jet, see Figs. 24 and 28.

The large density in the jet substantially limits the proton maximum energy, as discussed in Appendix A.2.

Hence, the neutrino signal extends up to E, ~ 3 x 10* GeV. We note that the proton spectral index in Eq. 7.20
becomes shallower as the radius increases, and the corresponding proton number density decreases, causing

a quick drop in the neutrino flux as the energy increases.

3 We assume that the proton and the electron spectral indexes are the same: kp = k.. This result is motivated by particle-in-cell

simulations of magnetic reconnection with o > 1 [102], albeit it has yet to be proven for o = 1 [101]
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Figure 29: Muon neutrino fluence on Earth for a collapsar jet at z = 2 resulting from magnetic reconnection for our benchmark jet with o9 = 200. The
spectral shape is determined by p p interactions (dark gray dashed line) below E,, =~ 50 GeV, and p interactions (light gray dot-dashed line)
for E, 2 50 GeV. The bump at =~ 5 x 10% GeV is due to kaon decay, the spectrum has a cutoff at E,, = 3 x 10* GeV. Magnetic reconnection is

not efficient for the jet with oy = 15 and therefore no neutrinos are produced.

7.4.3 Internal sub-shocks

As mentioned in Sec. 7.2, the central engine powering the relativistic outflow exhibits intermittency on time
scales 10 ms < £, < 100 ms. It follows that the jet is not homogeneous, but it is made up of several shells of

plasma moving with different velocities. These shells can collide at the internal shock radius [286]:

B 2(Fj)2tvc

e (7.23)

Ris

Internal shocks can efficiently accelerate particles only if they are collisionless, namely when they are
mediated by collective plasma instabilities, rather than collisions [287]. Collisionless shocks can form within
regions of the outflow that are optically thin (i.e. where the Thompson optical depth is 7 < 1). Figure 26
shows that the outflow is highly optically thick for R < 4 x 10!" cm. Hence, even though the CO variability
allows for the formation of internal shocks at Rjs < R, it is unlikely that these shocks are collisionless.

If the jet is mildly magnetized ((o;) 2 10~"), however, Ref. [89] showed that collisionless sub-shocks

may form within radiation mediated shocks when the following condition is fulfilled:

X=&sz. (7.24)

© Phnag
In Eq. 7.24, plae = (B’,.2> /8x is the comoving magnetic pressure, with (B’I.) being the comoving magnetic

field shown in Fig. 25; p{, = (7 — )e}, is the thermal pressure, related to the comoving internal energy of
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Figure 30: Radial profiles of (o) (top panels) and of the parameter y (Eq. 7.24, bottom panels) for o = 15 (left) and o = 200 (right). The black
horizontal line in the top panels marks the condition (o) = 107!, whereas the blue horizontal line in the bottom panels marks the condition
X < 2, for which strong collisionless sub-shocks can occur within radiation mediated shocks. Collisionless sub-shocks can take place for
1.5%x10° cm < R < 3 x 10° cm when o9 = 15 and 8 x 10° cm < R < 1.2 x 100 cm for o = 200; each of these radial regions is

highlighted by a shaded gray band.

the outflow e, = a(T;4); ¥ = 4/3 is the adiabatic index for an ideal polytropic fluid and (TJ’.) is the comoving
temperature displayed in Fig. 25. The radial profiles of B;. and TJ’. are displayed in Fig. 25.

Figure 30 shows the radial profiles of (o) and y (Eq. 7.24); the horizontal lines mark the radii for
which (o) = 107! and y = 2, respectively. By combining the information in the top and bottom
panels of Fig. 30, we deduce that collisionless sub-shocks may occur within radiation mediated shocks for
1.5%x10° cm < R < 3x 10° cm when 0 = 15 and 8 x 10° cm < R < 1.2 x 10'9 cm for oy = 200. As for
protons accelerated at collisionless sub-shocks, we assume &, = 2, which is appropriate for mildly relativistic
shocks [85]. The minimum energy of shock accelerated protons is E;’min =m p02 ~ 1 GeV.

For mildly relativistic sub-shocks, we rely on particle-in-cell simulations of collisionless shocks in

electron-ion plasma and fix €, = 0.1 [288]. We also assume constant dissipation efficiency, 4 = 0.2 for

mildly magnetized and mildly relativistic shocks [289, 290]. Note that since the region where collisionless
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sub-shocks occur is rather small, we rely on a one-zone model [289, 290], even though £, may depend on the
details of the collision [291, 292]. Hence, we fix the sub-shock radius Rgg = 2.5 x 10° cm for oy = 15 and

Rss = 10'° cm for oy = 200, where 0.1 < (o;) < 1 (see Fig. 24).

7.4.4  Neutrino fluence from collisionless sub-shocks

Figure 31 displays the muon neutrino fluence from collisionless sub-shocks for our jets with oy = 15 and
oo = 200. For oy = 15, pp interactions dominate the signal below E, < 1 GeV, while py interactions
shape the spectrum for E, > 10 GeV. For oy = 200, pp interactions are important for E, < 10 GeV,
while py interactions dominate above E, > 10> GeV. The first bump in the neutrino energy distribution
is due to the transition from the p p-dominated regime to the py-dominated one, while the second bump
(for E, 2 10%> GeV) is due to kaon decay. The neutrino energy distribution has a cutoff at E, < 10° GeV
(E, < 2x10* GeV) for o = 15 (07 = 200).

The differences between the two initial magnetizations can be understood as follows. The neutrino
production rate in the comoving frame obtained for o = 200 (see Eqgs. 7.8, 7.14 and 7.15) is comparable to
the one for oy = 15. Nevertheless, the volume of the interaction region V' (Eq. 7.16) for oy = 200 is larger
than the one for oy = 15, resulting in a larger fluence in the former case. Furthermore, the neutrino signal is

boosted to higher energies for o = 200, due to the larger values of (I';) reached in the jet; see Fig. 24.

7.5 OUTER SUBPHOTOSPHERIC PARTICLE ACCELERATION SITES

In the context of subphotospheric particle acceleration, it is relevant to discuss unsuccessful jets, which are
smothered in the stellar envelope or within an extended envelope. A cartoon displaying the possible jet fate
is shown in Fig. 32. We discuss the conditions that must be fulfilled in order to produce an unsuccessful
jet and the relevant particle acceleration sites. Note that both in the case of successful and unsuccessful
jets, the high-pressure cocoon breaks out from the star and the extended envelope, if any. However, particle
acceleration is not efficient at these sites; we refer the interested reader to Appendix A.3 for an overview of

the acceleration sites in the cocoon.
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Figure 31: Muon neutrino fluence on Earth for a collapsar jet at z = 2 originating from collisionless sub-shocks for our benchmark jets with g = 15
(solid purple line) and o7 = 200 (solid orchid line). For oy = 15, p p interactions (sand dashed line) dominate for E, < 1 GeV, while py
(orange dot-dashed line) interactions shape the spectrum for E,, > 10 GeV. For oy = 200, p p interactions (dark gray dashed line) dominate
for E,, < 10 GeV, while py interactions (light gray dot-dashed line) are important for E,, > 102 GeV. In both cases, the transition from the
p p-dominated regime to the py-dominated one produces a bump in the neutrino spectral distribution. The second bump in the energy spectrum

is due to kaon decay. The neutrino signal is limited to energies E, < 103 GeV (E,, <2 X 104) GeV for o = 15 (09 = 200).

7.5.1 Motivation

A short-lived engine can generate a jet that does not break out from the stellar core and it is halted (see
left panel of Fig. 32). Another instance for which jets could be unsuccessful occurs when the progenitor
star has not shed apart the hydrogen layer completely and retains an extended massive envelope engulfing
its core, as sketched in the middle panel of Fig. 32. This could happen, for example, for partially stripped
supernovae [200, 294, 295]. If this is the case, even when the jet breaks out from the stellar core, it fails to
pierce through the external extended envelope. This scenario is of particular interest, since some GRBs or
LFBOTSs may harbor relativistic jets, which do not break out successfully.

For example, it has been proposed that low- and high-luminosity GRBs share the same explosion mechanism,
with the difference that low-luminosity GRB progenitors retain an extended low-mass envelope [199, 200].
The envelope smothers the jet, which drives a mildly relativistic shock leading to a low-luminosity GRB.
Choked jets could be harbored within LFBOTSs as well [143—-146, 296]. The lack of gamma-ray associations
with known LFBOTSs [297] and the observation of broad hydrogen lines in some of their spectra [148, 149,
152] may hint towards a jet smothered in the extended hydrogen envelope [153]. The jet inflates the cocoon

responsible for the observed electromagnetic emission in the optical and radio bands. The existence of a jet in
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Figure 32: Sketch of the fates of collapsar jets. Left panel: The jet is halted in the stellar core (R}, < Ry ) at the end of the jet lifetime. The only particle
acceleration sites are the ones displayed in Fig. 27. Middle panel: The jet is halted in an extended outer envelope (dark-orange region) engulfing
the star (Rx < Rp < Reny). If the jet is magnetized, the acceleration sites are the ones drawn in Fig. 27. Right panel: The jet is successful and
breaks out from the stellar envelope (orange). The jet head is above the stellar radius (R}, > R,) when the CO activity stops. The jet reaches
the photosphere, where further energy dissipation and particle acceleration may take place. In all three scenarios, the cocoon (aqua) breaks out
from the star and the extended envelope, if any. The case of a jet breaking out from the extended envelope is not considered, since this is not

supported by observations [293].

LFBOTs would also explain the asymmetry observed in the outflow [148]. We refer the reader to Refs. [234,
298] for a discussion on the acceleration sites.

Jets which manage to pierce through the extended envelope are not supported by observations: successful
jets should produce GRBs, whose progenitors do not exhibit any hydrogen line in their spectra [293]. Hence,
this case is not of interest to our discussion.

Our benchmark simulations focus on jets breaking out from the stellar core, with no extended envelope
engulfing the progenitor star. Hence, the jet freely propagates up to its photosphere. To date, numerical
simulations tracking the dynamics of magnetized jets that break out in an extended stellar envelope are
lacking. However, the outflow dynamics mimics the one of hydrodynamic jets above R, [222]. Even though
numerical simulations would be required, we rely on previous work on hydrodynamic jets to investigate the
propagation of our benchmark jets in a massive envelope. Since the jet lifetime is not constrained by the
simulation, we intend to explore the allowed parameter space and compute the value of 7; required for halting
jets resembling the simulated ones in the extended envelope. The goal of this section is to expand on the

results of Sec. 7.4 to unsuccessful jets.
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7.5.2 Conditions for halting the jet

We assume that the star has a core of radius R, and an envelope extending up to R.,,. The stellar core is

described by the following radial density profile [210, 222, 299]:

3
p+(R) = poR™> (1 - Rﬁ) ; (7.25)

where the normalization constant is fixed by the stellar mass, namely pg = M,/ [ fOR* dR’'4rxR" px(R)|. As
for M, and R,., we adopt the same values used in the simulation and listed in Sec. 7.2.

The radial density profile of the extended envelope is assumed to be [200]:

Penv(R) = pO,ean_2 > (7.26)

where Mepy is its mass and pg eny = Meny/ [ fRRe"V dRATR? Penv(R) |. Inspired by partially stripped supernovae,
we fiX Reny = 103 cm and we consider two representative cases for the envelope mass: My, = 0.1Mg and

Meny = 5Mg [199, 200, 294, 295, 300]. Overall, the density profile of the star is parametrized as

P(R) = max [px(R), penv(R)] . (7.27)

The propagation of a hydrodynamic relativistic jet in dense media has been modeled analytically [201] and
semi-analytically [210]. In both cases, the jet dynamics is completely determined once its luminosity L,
duration 7}, initial opening angle 6, and the density profile of the medium p(R) are fixed. Hence, in order to
infer whether the jet is successful or not, we follow the temporal evolution of its head Rj,.

We stress that we rely on hydrodynamic jets, generally different from the magnetically dominated jets
considered so far. However, since the simulated jets become weakly magnetized above R,, this is a fair
approximation. The jet dynamics is obtained by relying on the semi-analytical model presented in Ref. [210]
(we refer the interested reader to Ref. [210] for details on the calculation). The model allows to calculate, at
each time, the position of the jet head Rj, its proper velocity 8,17, and the breakout time 7po x (env) from Ry
(Renv)

Since the jet head is relativistic, while propagating through the stellar envelope (Eq. 7.27), the time over

which the engine has to power the jet in order to allow for its breakout from the star (envelope) is

L R
Ij = IBOx(env) — *(CCHV) . (7.28)
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Figure 33: Contour plot of the energy injected in the jet by the central engine (E = L i) in the plane spanned by the luminosity and engine lifetime. The
jet propagates in an envelope with radius Repy = 10'3 cm and mass Mepy = 0.1M¢ (left panel) or Mepy = SM (right panel). The region of
the parameter space below the dashed blue line corresponds to jets halted within the stellar core, for which Ry, < R, at the end of the jet
lifetime. The region above the solid brown line corresponds to successful jets, namely jets that breakout both from the stellar core and the
extended envelope for which R, > Reny. Between the blue and brown isocontours, the pairs ( L s 13 j) lead to jets which breakout from the star,

but are halted in the extended envelope, i.e. Rx < R} < Repy at the end of the jet lifetime.

For a given pair (L j»1;), when f; < fpox — Rx/c the jet is halted in the stellar core. If, instead,

RO, — Ru/c < ; < TR0 env — Renv/c, the jet breaks out from the stellar core, but it is halted in the envelope.

Figure 33 shows the parameter space of the pairs (L;,7;) corresponding to the same energy E; injected in

the jet. The mass of the envelope is assumed to be Mepy = 0.1M (left panel) and M.,y = SM (right panel).

The region below the dashed blue line corresponds to jets halted in the stellar core, i.e. R, < R, at the end
of the jet lifetime. This region is not of interest for the reference simulations of Ref. [222], since the jets are
very energetic and likely to break out from R, in any case.

The area between the dashed blue and solid brown lines in Fig. 33 corresponds to jets halted in an extended
envelope. In this case, at the end of the jet lifetime, Ry < R < Repy. Our simulated jets, with total luminosity
L;~5x 103! erg s~! (at the time when the snapshots in Fig. 24 are taken), break out from the star for
fj 2 2s. The result is consistent with the simulations, since the central engine is still active and powering
the outflow at 2 s. Our benchmark jets may be halted in the extended envelope if 7; < 6 s (f; < 25's), for
Meny = 0.1Mg (Meny = SMg), and we would not observe any jet-powered gamma-ray bursts.

Finally, the region above the brown line in Fig. 33 corresponds to jets able to drill out from the star, for
which Rj, > Reny. As expected, massive envelopes require long living engines in order to produce successful
jets. Furthermore, for a fixed engine duration, jets less powerful than our simulated ones are halted within

the extended envelope more easily.
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7.5.3 Neutrino production in unsuccessful jets

From Fig 33, we deduce that jets can be unsuccessful only for some (L j»1;) pairs. Particle acceleration in
unsuccessful jets has been discussed in the literature, both at the collimation shock [247] and at internal
shocks occurring either in the outflow or at the jet head [234, 237, 247, 248, 251, 253]. These works rely on
the criterion outlined in Ref. [247] for the formation of collisionless shocks and they all assume hydrodynamic
jets.

GRB like jets are expected to undergo intense mixing due to interactions with the cocoon [213]. Hence,
the criterion proposed in Ref. [247], which is given for idealized jets, has been shown to do not be satisfied
in regions of the jet still embedded in the stellar core (R < R,) in numerical simulations, since the mixing
slows down the jet and increases its baryon density [213, 245]. Indeed, we find that the optical depth of the
outflow is substantially larger than the one obtained from analytical estimations, see Fig. 26. We conclude
that particle acceleration at internal shocks occurring deep in the stellar core or at the collimation shock is
disfavored, contrary to what concluded in Ref. [247] (see also the discussion in Ref. [236]).

The picture above could change in the presence of a massive envelope surrounding the star, investigated in
Refs. [234, 235, 248]. Nevertheless, if the jet is magnetized, the results of Refs. [234, 235, 248] may no longer
hold, being the underlying jet dynamics different and highly non-linear. The extended envelope would affect
the jet dynamics above R, and it may increase the effect of the jet-cocoon mixing, which would be relevant up
to radii larger than the ones reached in the simulation. As a result, the outflow may become optically thin at
Rpy > 10'2 cm, possibly even above Re,,. Even though particle acceleration at internal shocks approaching
the jet head seems unlikely in magnetized jets, dedicated numerical simulations are desirable. Therefore, in
the following, we limit our discussion to radii below the edge of the envelope (R < O( 10'2) cm).

This scenario could be relevant, for example, for neutrino production in LFBOTSs [153, 234]. In the case
of a magnetized unsuccessful jet, the discussion on particle acceleration in Sec. 7.4 should apply. Since

the energy of LFBOTSs is expected to be smaller than the one obtained for the jet simulations presented

in Ref. [236], the overall normalization of the neutrino fluences in Figs. 29 and 31 should be affected.

Yet, we expect the neutrino fluence produced from a magnetized unsuccessful jet to be limited to energies
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E, < 10° GeV. Intriguingly, this signal would be very different from the one predicted for a hydrodynamic *

choked jet, which instead peaks at E, =~ 10° GeV [234]. Hence, neutrinos could contribute not only to
disentangle the mechanism powering LFBOT sources—as suggested in Ref. [234]—but also to discern the
nature of unsuccessful jets. The signal calculated in Sec. 7.4 is typical of magnetized jets, while it is not
expected from hydrodynamic jets, which are optically thick below R, and do not have magnetization to
sustain nor sub-shocks or magnetic reconnection [212, 213, 243, 244].

Another outer particle acceleration site for hydrodynamic jets (or jets which mimic hydrodynamic ones)
may be the shock which develops at the interface between the cocoon and the envelope. This shock becomes

collisionless at the shock-breakout radius Rpo eny defined as

Renv
TenV(RBO,enV) = / dRp(R)kes =

RBO.eny Vsh,env

(7.29)

where p(R) is given by Eq. 7.27, vgh eny 1S the speed of the shock and ks is the electron scattering opacity.

Here we adopt k.5 = 0.34, assuming solar abundances [301]. Since the cocoon fastest component moves with

mildly relativistic velocities ((I';) < 2), it enters the envelope with a mildly relativistic shock, i.e. ¢ /Veheny = 1.

Our goal is to assess whether there is a part of the parameter space for which Rgo sh << Reny. This case would
resemble the propagation of a mildly-relativistic shock in the circumstellar medium, see e.g. Ref. [302], but
acceleration of particles would start deep in the envelope rather than at its edge and would occur over a
wide range of radii inside the star. Efficient particle acceleration when Rpo eny = Reny 1S possible (see, e.g.,
Refs. [200, 236]), but we do not further investigate this case since it is beyond the main focus of this work.

Figure 34 shows the parameter space of the (Reny, Meny) pairs having the same shock-breakout radius
RBoenv, as defined in Eq. 7.29. For most of the envelope masses Mey,, and radii Repy, the shock-breakout
occurs very close to the edge of the envelope, in particular at R > 0.7Ry. The breakout could occur at smaller
radii only for envelopes with large extension (Repy > %103 cm) and small masses (M, < 5% 1074My), as
visible from the right bottom corner of the parameter space in Fig. 34. Such envelopes are not dense enough
to halt relativistic jets and are poorly motivated theoretically [199, 200, 294, 295, 300].

Combining the results from Figs. 33 and 34, we deduce that small envelope masses require fine tuning of
the jet lifetime and luminosity to simultaneously smother the jet and allow for neutrino production in the

range Ry, < R < Reny. Therefore, particle acceleration at the shock between the cocoon of unsuccessful

4 We stress that we intend to highlight the mechanism responsible for the jet launching through the wording “hydrodynamic jet.” Even

though our magnetized jets resemble hydrodynamic ones after the breakout from the star, their evolution is different at the initial phase

of the jet lifetime.
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Figure 34: Contour plot of the shock-breakout radius at the envelope Rgo env (Eq. 7.29) in the plane spanned by the radius Reqy of the envelope and its
M_ny. The dashed white lines display representative values of logy (RBo,em,) to guide the eye. The shadowed region corresponds to pairs
(Renv, Meny) for which the envelope becomes optically thin close to its edge, for Rgoeny > 0.7 Reny. The shock-breakout occurs deep in the
envelope only for the right bottom corner of the parameter space, for which My, < 5 X 10’4M® and Reny > 10'3 cm; these parameters are
quite unusual and would require fine tuning of the initial conditions of the jet for halting it within the envelope. We conclude that in most cases

the shock break out occurs very close to the edge of the envelope.

jets and the envelope is either inhibited or it occurs in a very narrow range of radii, making it a subleading
process for neutrino production in the region R < Repy.

We conclude that, if a magnetized jet is halted in the extended envelope, neutrino production is possible at
the sites discussed in Sec. 7.4. For instance, if the simulated jets were to breakout from the stellar core in an
envelope with Rep, = 1013 cm and Meyy = 5My, for the fixed lifetime ¢ j = 10 s, the neutrino fluence from
magnetic reconnection processes and collisionless sub-shocks would be the same as the one displayed in
Figs. 29 and 31, respectively, with the results being sensitive to the initial magnetization of the jet. As for jets
which are hydrodynamically launched and choked in the extended envelope, neutrino production may occur
at the sites discussed in Refs. [234, 248, 253]. It is still to be proven whether further particle acceleration can
occur in magnetized unsuccessful jets at the same sites, namely at Ris ~ R, < Reny.

If the jet head is halted in the extended envelope at the position Rj, the neutrino signal produced
at the acceleration sites discussed in Sec. 7.4 can be attenuated because of neutrino propagation in
matter between Rj, and Re,. The attenuation factor for the neutrino fluence scales approximately as
Sau = exp[— leze"V p(R)/(2m,)0SC(E, )], where p(R) is given in Eq. 7.27 and o€ is the cross section
for neutrino-charged current interactions which is the dominant process in the GeV-TeV energy range of

interest [303]. Attenuation is relevant when f, < 1; for the density profile in Eq. 7.27, we find that this
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condition is fulfilled for E, > 100 TeV, i.e. it is negligible for the scenarios investigated in this paper.
Neutrino flavor conversion may also occur in choked jets [304-306], nevertheless for our collapsar scenarios
the flavor composition at Earth is not substantially altered [307]. Further attenuation of the neutrino signal
may be caused by the increase of the jet-cocoon mixing in the presence of a massive envelope, which cannot
be analytically estimated. Hence, the results presented in Sec. 7.4 for the subphotospheric neutrino signal
expected on Earth still shall be interpreted as an upper limit for a magnetized jet halted in an extended

envelope.

7.6 EXPECTED SUBPHOTOSPHERIC NEUTRINO EMISSION

By relying on the findings of Secs. 7.4 and 7.5, in this section we present the total fluence expected for
subphotospheric neutrinos produced in collapsar jets. We also compare our finding with the existing literature.
Our results are sensitive to the underlying reference simulations. Yet they urge to move towards a more robust

modelling than the one provided by analytical treatments.

7.6.1 Neutrino fluence

Figure 35 shows the total subphotospheric muon neutrino fluence, where the lower limit is set by oy = 15 and
the upper limit by oy = 200. In the former case, only internal sub-shocks are a viable mechanism for neutrino
production, since the magnetization along the jet is not large enough to sustain magnetic reconnection; see
Fig. 31. In the latter scenario, both sub-shocks and magnetic reconnection contribute to shape the neutrino
energy distribution from the optically thick region; see Figs. 29 and 31. The neutrino fluence has a cutoff at
E, ~ 4x10* GeV (E, ~ 103 GeV) for o = 200 (09 = 15). This is due to the large baryon density in the
outflow, which substantially limits the maximum energy at which protons can be accelerated.

As pointed out in Ref. [222], GRB jets may have initial magnetization larger than the ones considered
in this paper (o 2 1000) in order to reach the observed Lorentz factors of a few hundreds. Because of
numerical limitations, jet simulations with such large oy are not yet available. Nevertheless, we extrapolate
the radial profiles of the jet characteristic quantities ((p}), (o), (I';) for a relativistic jet with oy = 2000 by

assuming a constant scaling ratio on the basis of the simulations with oy = 15 and o = 200 (see Fig. 24),
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Figure 35: Muon neutrino fluence on Earth for a collapsar jet at z = 2. The purple band represents the range of variability of the subphotospheric neutrino
production (optically thick region); the lower limit corresponds to the fluence obtained for oy = 15 (as displayed in Fig. 31), while the upper
limit is obtained for oy = 200 (see Figs. 29 and 31). The purple dashed line corresponds to the neutrino fluence expected for o9 = 2000; see
main text for details. For comparison, we show the benchmark muon neutrino fluence from the optically thin region (above the photosphere) of
a successful collapsar jet, namely a GRB (see Appendix A.4). The red line represents the atmospheric background expected during the jet
lifetime [308-310]. The neutrino signal in the optically thick region of the outflow extends up to E, =~ 4 X 10* GeV (E, ~ 103 GeV) for
o =200 (o = 15) and it lies below the atmospheric background. For o9 = 2000, the neutrino signal extends up to E, < 7 X 10* GeV and

it is comparable in intensity to the atmospheric background.

while the temperature is kept unchanged. The corresponding neutrino fluence increases up to one order of
magnitude compared to the one obtained for oy = 200, as shown in Fig. 35 (dashed purple line). Yet, the
larger baryon density and magnetic field in the jet are such that the neutrino spectrum extends up to energies
< 7 x 10* GeV. While this result should be interpreted as an order of magnitude computation and may change
if it were to be obtained by relying on self-consistent jet simulations, it provides a good insight on what to
expect.

For comparison, the neutrino fluence produced above the photosphere (optically thin region) in the case of
a successful jet is also shown in Fig.35; see also Appendix A.4. We compute this fluence by assuming that
the target photon energy distribution is shaped by a dissipative photosphere and internal shocks occur above
the photosphere, as discussed in Appendix A.4. The photospheric efficiency of the jet is epy =~ 0.1, which is
the fraction of the jet isotropic energy energy emerging from the photosphere. The radiative efficiency at the
photosphere is obtained by solving the hydrodynamic equations for the fireball model, within the assumption
that the jet is almost hydrodynamic; see e.g. Ref. [211]. Our benchmark simulations hint that epy > 10%
could be reached for jets with oy > 1000. All other jet parameters follow the ones adopted in Ref. [231],

chosen to match GRB observations (see Ref. [231] and references therein). We can see that the neutrino
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fluence from the optically thin region has a lower overall normalization, but it extends up to E, =~ 10° GeV.
We stress that this result is only shown to favor a direct comparison between the subphotospheric neutrino
signal and the one produced above the jet photosphere, if the jet is successful.

In Fig. 35, we also show the expected fluence of atmospheric muon neutrinos during the jet lifetime [308—
310]. Our neutrino fluence from the optically thick region of the outflow lies below the atmospheric
background both for oy = 200 and o7y = 15, while it becomes comparable to the atmospheric one for a jet

launched with oy = 2000.

7.6.2 Comparison with existing literature

Our findings are in contrast with existing literature. In fact, under the assumption of collisionless internal
shocks taking place in parts of the jet deeply embedded in the stellar envelope, Refs. [237, 247, 252,
255] conclude that TeV-PeV neutrinos could be produced. The main difference with our work is that the
aforementioned papers overlooked the role of jet-cocoon mixing, underestimating the optical depth of the
outflow; we find that shocks in the innermost parts of the jet are likely radiation mediated when the role of
mixing is consistently accounted for in the jet dynamics [222]. As mentioned in Sec. 7.2, low baryon densities
may be allowed if the jet accelerates at small radii to large Lorentz factors. This might favor acceleration of
particles through internal shocks [247]. Nevertheless, such large Lorentz factors seem to be disfavored from
state-of-the-art numerical simulations of collapsar jets.

Our results are in agreement with Ref. [236], which investigated the neutrino production at internal
sub-shocks in the optically thick region of short GRBs, by relying on the outputs of numerical simulations
artificially launching the jet. Yet, the self-consistent jet launching of our benchmark jet simulations [222]
affects the jet fate.

Intriguingly, subphotospheric production of neutrinos in the same energy range displayed in Fig. 35 can
occur if collisional heating is considered as the mechanism responsible for energy dissipation in collapsar
jets [311, 312]. In this scenario, neutrinos are produced through neutrino-proton interactions along the

outflow.
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7.7 DETECTION PROSPECTS

The subphotospheric neutrino fluence shown in Fig. 35 spans an energy range below O(100) TeV, where
the IceCube Neutrino Observatory is most sensitive to astrophysical neutrinos. Hence, contrarily to the
conclusions drawn in Refs. [228, 237, 247, 255, 256] for hydrodynamic jets, unsuccessful magnetized jets
cannot contribute to the diffuse neutrino flux detected by the IceCube Neutrino Observatory [8, 313]. These
conclusions might change if the jet should be halted in an extended envelope and neutrino production should
take place close to the jet head, at R < 103 cm [235, 248, 253]. As extensively discussed in Sec. 7.5, we
expect this scenario to be unlikely for magnetized jets.

The detection of subphotospheric neutrinos is hampered by the atmospheric neutrino flux, as discussed in
Sec. 7.6; however, we investigate whether astrophysical neutrinos could be discriminated from the atmospheric
background by exploiting the directionality of the incoming astrophysical neutrinos. To this purpose, we rely
on the Hyper-Kamiokande neutrino detector [182] and IceCube DeepCore, designed to detect neutrinos with
energy as low as E,, ~ 10 GeV [173].

As for Hyper-Kamiokande, the event directionality can be reconstructed by relying on the elastic scattering
of neutrinos on electrons: vy +e~ — vg+e” (Vg +e~ — ¥4 +e”) . The dominant contribution to the

vqe~ elastic scattering channel comes from the electron flavor, while the contribution from muon or tau flavors

is subleading (see e.g. Refs. [303, 314] for a review). Hence, we only consider @ = e at Hyper-Kamiokande.

The total number of subphotospheric neutrino events is [315]

Nve+17€ (Z) =€eN, / dE, [0'v2+e‘ (Ev)q)vg (Ev» )+ Oy, +e™ (Ev)(Df/e (Ew Z)] s

where 0o~ [0p1e-] is the cross-section for the neutrino (antineutrino)—electron elastic scattering [303] and
€ is the detector efficiency, which we optimistically assume to be 1. The total number of electron targets is
N, = 1.13 x 10** for a water Cherenkov detector with a fiducial volume of 0.188 Mton [316]. The number
of atmospheric neutrino events is calculated through Eq. 7.30, by using the neutrino atmospheric flux in
Refs. [308-310].

For IceCube-DeepCore, the total number of subphotospheric neutrino events is

100 GeV
Ny, = / AE, At (Ey)®,, 05, (Ev.2) (7.30)
10 GeV

5 Note that in this case we need to distinguish between neutrinos and antineutrinos, since the respective cross-sections are different.
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Figure 36: Number of subphotospheric neutrino events (purple band) expected at Hyper-Kamiokande (left panel) and IceCube DeepCore (right panel). The
upper and lower solid lines of each band correspond to 079 = 200 and oy = 15, respectively. We also show the expected number of neutrinos
extrapolated for a jet with 079 = 2000 (dashed purple line). For comparison, the background of atmospheric neutrino events is plotted (solid red
line). The number of suphotospheric neutrino events is larger than the atmospheric ones in Hyper-Kamiokande, if the source is placed at z < 0.8
(z £ 0.1) for a jet with oy = 200 (o = 15). While for IceCube DeepCore, this should happen for a jet located at z < 7. As for the initial
magnetization oy = 2000, the number of suphotospheric neutrino events is larger than the atmospheric ones for z =~ 2 for Hyper-Kamiokande

and for z > 10 for IceCubeDeep Core.

where A is the energy-dependent effective area of the detector [173]. The rate of atmospheric neutrinos in
the 10-100 GeV range is obtained from Ref. [317].

Figure 36 shows the total number of subphotospheric neutrino events expected at Hyper-Kamiokande (on

the left) and IceCube DeepCore (on the right) as a function of the source redshift, for our benchmark jets.

For comparison, the number of atmospheric neutrino events is also plotted in Fig. 36. We can see that the
number of events expected at Hyper-Kamiokande is significantly lower than the one observable at IceCube
DeepCore, due to the smaller cross-section.

The number of events from subphotospheric neutrinos would be larger than the atmospheric neutrino
number of events at Hyper-Kamiokande for a jet at z < 0.8 (z < 0.1) for oy = 200 (0 = 15). On the other
hand, in principle, the astrophysical signal may be larger than the atmospheric one for sources at z < 7 at
IceCube DeepCore. As for the jet with initial magnetization oy = 2000, the astrophysical signal becomes
comparable to the atmospheric one at z ~ 2 (z > 10) in Hyper-Kamiokande (IceCube DeepCore).

The detection of N, .5, 2 1 might be possible if the magnetized collapsar jet is located within z < 0.1
for all o’s considered in this work. These findings are in agreement with Ref. [312], that investigated the
detection of neutrinos in a similar energy range for collisionally heated GRBs. While the detection horizon is

limited, the existence of bright GRBs at fairly moderated redshift is not ruled out—see, e.g., GRB 221009A
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which occurred at z ~ 0.151 [318]. These detection prospects may further improve with the upcoming
IceCube Upgrade [319, 320], expected to lead to a more accurate event reconstruction in the energy region
where IceCube DeepCore is sensitive. Moreover, as also pointed out in Ref. [312], stacking searches of
collapsar jets could enhance the detection chances of subphotospheric neutrinos; dedicated forecast work on

stacking searches is left as future task, as it would require a large set of GRMHD simulations.

7.8 CONCLUSIONS

A realistic modelling of relativistic jets and their related particle production is not only relevant for interpreting
electromagnetic observations of a growing number of astrophysical transients, but also for investigating the
associated high-energy neutrino production. While analytical treatments hold in the optically thin region of
the outflow, they are no longer adequate to describe the evolution of the jet in the optically thick regime. This
is due to the large jet—cocoon mixing revealed in a range of numerical simulations, both for hydrodynamic
and magnetized jets.

In this work, we explore neutrino production in the optically thick region of relativistic jets by relying on
the numerical simulations carried out in Ref. [222], with initial magnetization oy = 15 and o = 200. As the
jet propagates through the star, it efficiently converts magnetic into kinetic energy. While the formation of
collisionless shocks seems to be disfavored due to the large optical depth, the mild magnetization (o) < 0.1
reached at R ~ 10°~10'° cm could sustain the formation of collisionless sub-shocks for both 0. The intrinsic
magnetization of the jet may also trigger magnetic reconnection events, especially for jets with oy = 200.
Hence, both sub-shocks and magnetic reconnection are viable particle acceleration mechanisms.

Our findings reveal that the subphotospheric neutrino signal spans an energy range with E, < 10* GeV
(10° GeV) for g = 15 (0 = 200). This result also holds for larger initial magnetizations of the jet, e.g.
oo = 2000, for which we extrapolate the dynamics from the two simulated jets with lower 0. The maximum
neutrino energy is limited due to the large baryon density and high magnetic field, which causes the cooling
of secondary mesons and it is consistent with the results of Ref. [236]. These findings are in contrast with the
ones previously reported in Refs. [237, 247, 252, 255], where TeV—PeV neutrinos were produced in the
star under the assumption of collisionless internal shocks, which we show are unlikely because of the large

optical depth of the outflow determined by the jet-cocoon mixing.
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If the jet is halted in an extended envelope engulfing the progenitor star, the same conclusions concerning
neutrino production hold, if the jet is magnetized. We find that no particle acceleration can occur at the
shock developing at the cocoon front as it propagates in the extended envelope, unless the properties of the
envelope and the jet are fine-tuned. Extreme conditions, which are not physically motivated, are required to
simultaneously halt the jet and allow for particle acceleration.

Because of their low energies and based on our benchmark simulated jets, subphotospheric neutrinos
from magnetized jets unlikely contribute to the high-energy diffuse neutrino flux observed by the IceCube
Neutrino Observatory, contrarily to what suggested in the literature [247]. Yet, we investigate the detection
perspectives in the upcoming water Chereknov detector Hyper-Kamiokande and IceCube DeepCore. The
subphotospheric signal could be discriminated by the atmospheric background by exploiting the directional
information of the astrophysical neutrinos, with the expected number of neutrino events being larger than the
atmospheric one for a jet located at z < 0.8 (z < 0.1) for oy = 200 (0 = 15) in Hyper-Kamiokande and
757 (z 5 1) for og =200 (0 = 15) in IceCube DeepCore.

Our results might not hold if a hydrodynamic jet is launched and halted in an extended envelope. In this
case, particle acceleration at internal shocks approaching the jet head cannot be ruled out, albeit numerical
simulations of this scenario are lacking. This might be the case for choked jets accompanying some Type-II
supernovae [248] and LFBOTs [234].

In conclusion, our work highlights the importance of an advanced modeling of particle production and
acceleration in collapsar jets, which takes into account the jet dynamics and related non-linearities. As
shown in this work, such modeling may largely affect previous conclusions on the subphotospheric neutrino

detection prospects.

NOTE ADDED.— While this project was in its final stages of completion, we became aware of work
in progress by Carpio et al. [321, 322], which focuses on high-energy neutrino emission from magnetized
jets propagating in different stellar progenitors. Reference [321, 322] relies on an analytic model with
magnetization at the base of the jet growing as a function of time. This is intrinsically different from our
work, which is based on post-processing of realistic 3D GRMHD collapsar jet simulations. Reference [321,
322] also overlooks the effects of jet-cocoon mixing and it considers neutrino production in uncollimated jets

in collapsars, while our benchmark jets are naturally collimated by the cocoon. Uncollimated jets imply jet
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energies that are orders of magnitude higher that those observed among GRBs and are thus not supported by

observations.

7.9 CRITICAL OUTLOOK

In this section, we critically motivate our research from a state-of-the-art standpoint and provide an overview

of our key findings. We also discuss possible future directions of our work.

7.9.1 Overview and main findings

As we outlined in Chapter 4, the differential energy fluxes measured by Fermi for high-energy gamma-
rays [113], by IceCube for high-energy neutrinos [112] and by the Pierre Auger Observatory for UHE cosmic
rays [114] are comparable. In principle, these observations hint towards a natural link between the diffuse
fluxes of the high-energy messengers. Yet the excess of neutrinos compared to the gamma-ray flux between
10 TeV and 100 TeV disfavors the hypothesis that their high-energy diffuse fluxes originate from the same
composition of sources.

To tackle the puzzle, jets launched by collapsing massive stars and choked within the stellar mantle have
long been considered ideal candidate factories of the high-energy diffuse flux detected at IceCube. [122,
235, 237, 256]. The large radiation and matter densities inside the star naturally imply a large likelihood of
producing neutrinos through py and pp interactions, while effectively ensuring the absorption of high-energy
gamma-rays throughout the entire jet lifetime.

The jet inhomogeneity causes fast shells to catch up and collide with slower ones, giving rise to internal
shocks along the jet which, if collisionless, can accelerate particles. Shocks are said to be collisionless when
they are mediated by plasma instabilities rather than by collisions, that is when the optical depth in the shock
upstream 7 = orn), R/T" < 1, where 1), is the jet comoving baryon density and I is its Lorentz factor [247].
However, advanced GRMHD simulations of collapsar jets shed light on the highly non-linear evolution of the
outflow inside the star. This behavior— attributed to the mixing between the jet and the cocoon— has been

ignored in previous analytical models [222]. In light of these insights, what is the neutrino signal produced
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by optically thick collapsar jets? Can these sources contribute to the diffuse flux of high-energy neutrinos
when their non-linear evolution is taken into account? In our work, we tackle these questions.

Our research is a pioneering effort towards modeling neutrino production in opaque collapsar jets within a
self-consistent framework. We achieve this by relying on the realistic evolution of the jet properties derived
from state-of-the-art simulations, which naturally account for the complex interplay between the jet and the
cocoon. Notably, this is the first time the neutrino signal from the innermost regions of collapsar jets is
calculated by post-processing the outputs of GRMHD simulations.

As mentioned above, particle acceleration at internal shocks can take place when the upstream optical
depth drops below unity, namely when 7 < 1. However, we find that the optical depth of the jetted outflow
is > O(10'") up to radii R > 10'? cm, well above the stellar radius (R, = 4 x 10'° cm). We attribute
this result to the jet-cocoon mixing, since the cocoon continuously loads the jet with baryons, effectively
increasing the jet density n), and decreasing its Lorentz factor I'. We conclude that particle acceleration
is hindered at internal shocks occurring below the jet photosphere. Instead, we identify sub-shocks and
magnetic reconnection as viable mechanisms for accelerating protons in this region. The former occur in the
region R =~ 10° — 10'° cm, the latter can be triggered and sustained at radii R ~ 2 x 108 =2 x 10° cm.

Our findings yield pivotal advancements in several key areas. Firstly, the large magnetic fields and large
radiation and baryon densities below the jet photosphere significantly limit the maximum energy achievable
by accelerated protons. Likewise, secondary mesons undergo drastic cooling, resulting in the production of

neutrinos with energies < O(10°) GeV. Importantly, our work reveals that subphotospheric neutrinos from

collapsar jets are unlikely to produce the bulk of the high-energy neutrino diffuse flux detected at IceCube.

This is in contrast with what was suggested in previous works which analytically model neutrino production

in opaque collapsar jets, highlighting the importance of realistic models based on GRMHD simulations.

Instead, we suggest that the search for these neutrinos could be successful with Hyper-Kamiokande IceCube

DeepCore, where we expect to detect more than one neutrino event for bursts occurring at z < O(0.1).

Furthermore, the subphotospheric neutrino signal stands as a compelling smoking gun of jet magnetization,

given that sub-shocks and magnetic reconnection can only occur in magnetized jets. Therefore, our study

highlights the unique potential of subphotospheric neutrinos to unravel the enigmatic nature of collapsar jets.
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7.9.2 Future research directions

Our work highlights the need for more accurate high-energy neutrino production models in future research.

Possible directions to strengthen our results are outlined in the following:

1. Increasing the initial jet magnetization. Due to numerical instabilities, state-of-the-art numerical
simulations cannot achieve initial jet magnetizations » O(100). However, in order to reproduce
=~ 0(100) Lorentz factors— typical of long GRBs, for instance— initial magnetizations > O(1000)
are needed. Future works may overcome this limitation and provide more realistic insights into neutrino

production in opaque jets.

2. Modelling of magnetic reconnection in the optically thick regime. The dependence of the magnetic
reconnection rate on the outflow parameters in this regime is unclear, and existing works focus on
collisionless plasmas. Our work highlights the importance of exploring PIC simulations of magnetic
reconnection in the optically thick regime. Such studies could potentially offer fresh insights into the
dependence of the proton spectral index and the fraction of energy stored in accelerated protons on the

magnetization.

3. Combining different GRMHD simulations. The calculations presented in our work are carried out by
relying on a single GRMHD simulation, whose jet is not representative of the whole population of
collapsar jets. Post-processing more and different GRMHD simulations would allow us to explore a

larger part of the parameter space, leading to broader conclusions.

4. Simulating collapsars with an extended envelope surrounding the stellar core. As mentioned in
Sec. 7.5, realistic modeling of particle acceleration in this scenario is currently constrained by the
limitations of state-of-the-art numerical simulations, which cannot track the jet above ~ 10'! cm.
Several transients may harbor jets choked in extended envelopes surrounding the stellar core, therefore

we encourage performing GRMHD simulations within this set-up.

In summary, our research has paved the way for substantial improvements in the study of high-energy
neutrino production below the photosphere of collapsar jets. Despite its limitations, our work is the first
attempt of realistic modeling of particle acceleration in regions that are deeply embedded in the outflow. It

also encourages searches of subphotospheric neutrinos with IceCube DeepCore and Hyper-Kamiokande,
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in order to unlock the unique chance of probing the nature of collapsar jets. Further efforts in the outlined
directions will significantly deepen our understanding of neutrino production in optically thick regions of the
jet and will shed new light on the contribution of these sources to the high-energy neutrino flux detected at

IceCube.
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MULTI-MESSENGER DETECTION PROSPECTS OF GAMMA-RAY BURST

AFTERGLOWS WITH OPTICAL JUMPS

Based on: Ersilia Guarini, Irene Tamborra, Damien Bégué, Tetyana Pitik, Jochen Greiner Multi-
messenger detection prospects of gamma-ray burst afterglows with optical jumps, JCAP 06 (2022) 06,

034, arXiv:2112.07690

ABSTRACT Some afterglow light curves of gamma-ray bursts (GRBs) exhibit very complex temporal
and spectral features, such as a sudden intensity jump about one hour after the prompt emission in the optical
band. We assume that this feature is due to the late collision of two relativistic shells and investigate the
corresponding high-energy neutrino emission within a multi-messenger framework, while contrasting our
findings with the ones from the classic afterglow model. For a constant density circumburst medium, the
total number of emitted neutrinos can increase by about an order of magnitude when an optical jump occurs
with respect to the self-similar afterglow scenario. By exploring the detection prospects with the IceCube
Neutrino Observatory and future radio arrays such as IceCube-Gen?2 radio, RNO-G and GRAND200k, as
well as the POEMMA spacecraft, we conclude that the detection of neutrinos with IceCube-Gen2 radio could
enable us to constrain the fraction of GRB afterglows with a jump as well as the properties of the circumburst
medium. We also investigate the neutrino signal expected for the afterglows of GRB 100621 A and a GRB
130427 A-like burst with an optical jump. The detection of neutrinos from GRB afterglows could be crucial

to explore the yet-to-be unveiled mechanism powering the optical jumps.

8.1 INTRODUCTION

Gamma-ray bursts (GRBs) are among the brightest and most poorly understood transients occurring in our

Universe [133, 134, 185]. There are two classes of GRBs; the short ones, lasting less than 2 s, and the long

ones [323, 324]. The latter are the focus of this work. They are thought to be harbored within collapsing
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8.1 INTRODUCTION

massive stars [325-327]. The isotropic equivalent energy release in gamma-rays spans 10*°-10% erg and it
occurs within a few tens of seconds [133, 328]. The observed spectrum is non-thermal, typically peaking in
the 10-10* keV energy band [329-331].

The delayed emission following the prompt phase of GRBs—observed in the X-ray, optical/infrared, radio
and as of recently TeV bands [108, 136, 332, 333]—is the so-called afterglow. It is observed for several weeks
after the trigger of the burst and, in some cases, up to months or even years, making GRBs electromagnetically
detectable across all wavebands. The afterglow emission results from the interaction between the ejecta and
the circumburst medium (CBM). The physical mechanism responsible for the multi-wavelength observation
is broadly believed to be synchrotron radiation from the relativistic electrons accelerated at the external shock,
developing when the relativistic outflow expands in the CBM [136-138, 334].

Observations in the X-ray and optical bands show a rich set of additional features, not described by the
simplest afterglow model. At X-rays, data from the Gehrels Swift Observatory display a rapid decline during
the first few hundred seconds [335-337], strong X-ray flaring during the first few thousand seconds [338,
339], and a shallow decay up to ten-thousand seconds. A canonical view of GRB afterglow is presented in
e.g. [340, 341]. In the optical band, the forward [e.g., 342] and reverse shocks [e.g., 343, 344] dominate
during the first thousand seconds, together with plateaus in the majority of afterglows, and with X-ray flares,
occasionally accompanyied by optical flares [345, 346]. At later times [i.e., at about 7-10(1 + z) days, with z
being the redshift], the supernova signal emerges [347, 348] !. In this context, one of the biggest surprises
was the observation of sudden rebrightenings in the afterglow light curve occurring at one to few hours after

the prompt emission, primarily visible in the optical band (hereafter called optical jump) [349-353]. These

optical jumps are very rare, as opposed to e.g. X-ray flares occurring in about 50% of all GRB afterglows.

The optical jump can be very large in amplitude (>1 mag) and is typically brighter than the one observed in
X-rays. So far, about 10 out of 146 GRBs with well sampled optical light curves collected between February
1997 and November 2011 have displayed an optical jump [354]; for half of these, the brightness at the jump
peak is comparable to the peak of the afterglow associated to the forward shock.

Several theoretical models attempt to explain such optical jumps. For instance, they might be due
to CBM inhomogeneities generated by anisotropic wind ejection of the GRB progenitor or interstellar
turbulence [355, 356]; however, numerical simulations of spherical explosions exhibit rather regular features

and, in addition, density fluctuations of the CBM cannot give rise to significant time variability in the

1 Itis worth highlighting that we are only listing typical values for all the aforementioned timescales.
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afterglow light curve [357-359]. Alternatively, the late variability of the afterglow light curve could be
explained by invoking a late energy injection in the first blast wave emitted by the central engine. In this
picture, the central engine undergoes intermittent late explosions, producing multiple shells of matter that
propagate and collide with the slower ones previously emitted, as proposed in Ref. [360]. The origin of
the late time activity of the central engine is unclear [361]. For example, it might be related to the disk
fragmentation due to gravitational instabilities in the outer regions of the disk, with the resulting fragments
being accreted into the central compact object over different timescales, and causing the observed time
variability in the afterglow light curve [362]. Despite the uncertain origin of the central engine late time
activity, this model predicts that the second blast wave emitted by the central engine injects new energy in the
initially ejected one, causing the observed rebrightening in the light curve [363, 364]. Even though there is to
date no smoking-gun signature favoring a specific mechanism to explain the appearance of optical jumps, the
late collision of two relativistic shells [360] is appealing in light of its ability to successfully fit the light
curves of some GRBs with optical jumps [352, 365].

These peculiar features of the light curve of GRB afterglows raise questions on the possibly related
neutrino emission. In fact, GRBs have been proposed as sources of ultra-high energy cosmic rays and
high-energy neutrinos [36, 224, 225]. In the prompt phase, a copious amount of neutrinos could be produced
by photo-hadronic (p7y) [224, 225, 227] or hadronic interactions (pp or pn), the latter being more efficient in
the innermost regions where the baryon density is large [228-230, 247]. The neutrinos produced during
the prompt GRB phase in the optically thin region have TeV-PeV energies, and their spectral distribution
strongly depends on the emission mechanism [224, 231, 246, 366-369].

High energy neutrinos could also be produced during the afterglow phase through p+y interactions in the
PeV-EeV energy range. Protons can be accelerated in the blastwave through Fermi acceleration [139, 370]
and interact with the synchrotron photons produced by accelerated electrons. Within the framework of the
classic afterglow model, the neutrino emission from GRB afterglows has been computed by considering the
interaction of the GRB blastwave with the external medium in two possible scenarios: the forward shock one,
according to which particles are accelerated at the shock between the blastwave and the CBM [226, 232, 371,
372] and the reverse shock model, that assumes acceleration of particles at the reverse shock propagating

back towards the ejecta [373].
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Since the neutrino production during the GRB afterglow phase strictly depends on the photon distribution,
an increase of the photon flux as observed for late time jumps in the light curve should result in an increased
neutrino flux, potentially detectable by current and future high energy neutrinos facilities. In fact, optical
photons are ideal targets for the production of PeV neutrinos. The detection prospects with the IceCube
Neutrino Observatory, which routinely observes neutrinos with energies up to a few PeV [37, 112, 374,
375], of GRB afterglows displaying an optical jump have not been investigated up to now. In addition, the
possibly higher neutrino flux could be detectable by upcoming detectors, such as IceCube-Gen2 and its
radio extension [16], the Radio Neutrino Observatory in Greenland (RNO-G) [176] and the full planned
configuration of the Giant Radio Array for Neutrino Detection (GRAND200k) [17]. The orbiting Probe of
Extreme Multi-Messenger Astrophysics (POEMMA) spacecraft may also have promising perspectives for
the detection of neutrinos from GRB afterglows [376].

If a jump is observed in the optical light curve of a GRB, what is its signature in neutrinos? Can we use
neutrinos to learn more about this enigmatic feature of some GRBs? In this paper, we address these questions
and explore the corresponding neutrino detection prospects. Our reference model is the late collision of two
relativistic shells [352, 360, 365]. Nevertheless, we stress that our goal is not to prove that the shell collision
is the main mechanism explaining the GRBs light curves displaying jumps; rather, this scenario provides us
with the framework within which we aim explore the associated neutrino signal.

This paper is organized as follows. In Sec. 8.2, we present the theoretical model for the late collision of
two relativistic shells that we consider to be the mechanism responsible for the sudden jump in the afterglow
light curve. Section 8.3 focuses on the modeling of the electromagnetic signal from GRB afterglows in the
presence of optical jumps, while Sec. 8.4 is centered on the proton distribution in the blastwave and the
resulting neutrino signals. Section 8.5 presents our findings on the neutrino and photon signals expected
during the GRB afterglow phase, in the absence as well as in the presence of optical jumps; while Sec. 8.6
investigates the neutrino detection prospects in the context of quasi-diffuse and point source searches. In
particular, we discuss the neutrino detection prospects for the well studied GRB 100621A [352] and a burst
with model parameters inspired by GRB 130427A [377-379] having a hypothetical optical jump. Finally, our
findings are summarized in Sec. 8.7. The analytical model on the late collision and merger of two relativistic

shells is detailed in Appendix B.1, a discussion on the degeneracies among the parameters of our model is
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reported in Appendix B.2, while Appendix B.3 focuses on the cooling times of protons and mesons of our

GRB afterglow model.

8.2 MODELLING OF THE MERGER OF TWO RELATIVISTIC SHELLS

In this section, we outline the blastwave physics, introducing the scaling relations describing the temporal
evolution of the radius and Lorentz factor of the blastwave. By relying on the late activity scenario for the

central engine [341, 361, 380, 381], our model on the late collision of two relativistic shells is then presented.

8.2.1 Physics of the blastwave

According to the standard picture, the relativistic GRB jet propagates with half opening angle ; and Lorentz
factor I' > 100 [324] in the reference frame of the central engine. As long as I'"! < 6 j, the emitting
region can approximately be considered spherical. In order to investigate the afterglow physics, it is useful
to introduce the isotropic equivalent energy of the blastwave, Eig, 2. We denote with E k.iso the isotropic
equivalent kinetic energy of the blastwave, defined as Eyiso = Eiso — Ey,iso and representing the energy
content of the outflow after £, j5, has been released in y-rays during the prompt phase.

Two shocks develop at the interaction front between the burst and the CBM: a reverse shock, that propagates
towards the core of the jet, and a forward shock propagating in the CBM. After the reverse shock crosses the
relativistic ejecta, the blastwave enters the so-called Blandford and McKee self-similar regime [382] (dubbed
BM hereafter). In the following, we focus on the BM phase, during which the emission is associated with the
forward shock only. The particle density profile of the CBM is assumed to scale as a function of the distance
from the central engine as n o« R™%. In this work, we consider two CBM scenarios: a constant density profile
resembling the one of the interstellar medium (k = 0, ISM) and a stellar wind one (k = 2, wind).

We assume that the ejecta initially have isotropic kinetic energy Ey iso and Lorentz factor I'y. Two extreme

scenarios for the hydrodynamical evolution of the blastwave can be described analytically: fully adiabatic

2 We adopt three reference frames: the blastwave comoving frame, the center of explosion (i.e. the central compact object) frame, and the
observer frame (the Earth). Quantities in these frame are denoted as X’, X and X, respectively. Energy, for example, transforms as
E = (1+2)E = DE’. Here z is the redshift and D = [I'(1 — Bcos 8)]~! is the Doppler factor, where 8 = y/1 — 1/I'2 and 6 is the

angle of propagation of an element of the ejecta relative to the line of sight.
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and fully radiative [382, 383]. In the former case, the blastwave does not radiate a significant amount of
energy while propagating. On the contrary, it quickly cools in the latter scenario, radiating all the internal
energy released in the shock while being decelerated by the CBM. Observational evidence suggests that
GRB afterglow blastwaves are in the adiabatic regime rather than in the radiative one [107]. Therefore, in
this paper we focus on the adiabatic scenario.

Within the assumption of a thin shell (for which the reverse shock is mildly relativistic at most), if
propagation occurs through a CBM with constant density n = ng, the blastwave starts to be decelerated

at [107, 382]:

T [3Eriso(1+2)3 | 8.1)
dec,ISM 647rn0m,,c5F§ s .
while if it occurs in a wind profile, n = AR™2, the deceleration occurs at [384]:
Ek iso(1+2)
Tdcewind = ———————— 8.2
dec,wind 167rAmp CSFS' ( )

where A = M,,/(4nv,ymp) = 3.02x 10°°A, cm™!, with A, = M_s/vg corresponding to the typical
mass loss rate M_s = M /(1079 My) yr~! and wind velocity vg = v,,/(10% cm s™!) [372, 385] 3. Here
¢ =3x10'"cm s~ is the speed of light and mp =0.938 GeV ¢~? is the proton mass.

After the deceleration begins, the Lorentz factor of the shell decreases with time as [382-384, 386]:

Thec,1sM 3/8

Tism = Fo( ef” ) ; (8.3)
Thec,wind 174

Tuind = ro(—jj“) ; (8.4)

The radius of the blastwave evolves with time according to [372]:

B (Tte
S (1+2)”°

(8.5)

where the correction factor ¢ depends on the hydrodynamical evolution of the shock; we assume ¢ = 8 [372,
383, 387].

In this work we are mainly interested in estimating the neutrino signal, whose accuracy is mainly dominated
by other local uncertainties (e.g. the proton acceleration efficiency and the fraction of the blastwave internal

energy that goes into accelerated protons, that we introduce in Sec. 8.4.1). Hereafter, we adopt the uniform

Care should be taken when comparing our definition of the density profile for a wind CBM (which follows the convetion adopted in
e.g. Ref. [133]) with the one often adopted in the literature, i.e. p = AR‘Z, where A =5 x 10711 g cm™! Ay and Ay = M_5/Vg. The

difference between the two definitions is the normalization in units of proton mass.

95



8.2 MODELLING OF THE MERGER OF TWO RELATIVISTIC SHELLS 96

shell approximation of the BM solution, as presented in this section. This assumption suits our purposes,
since the particle density of a BM shell quickly drops outside the region of width occ R/I'? behind the forward

shock and thus the corresponding neutrino emission is negligible.

8.2.2  Merger of two relativistic shells

The late merger of two relativistic shells has been investigated through hydrodynamical simulations [360]
and applied to fit the light curve of GRB 100621A [352]. However, a simplified analytical modeling aiming
to estimate the corresponding neutrino signal is presented in this paper for the first time. We assume that the
first shell is launched by the central engine. At the onset of its deceleration, it is heated up, as its kinetic
energy Ey iso is converted in internal energy W. From now on, we refer to this shell as the “slow shell.” Its
dynamics is described by the simplified BM solution in the uniform blastwave approximation introduced in
Sec. 8.2.1, its Lorentz factor I" and radius R evolve by following Eq. 8.3 and Eq. 8.5, respectively.

Assuming that the central engine undergoes late activity, a second shell with energy E's is emitted with a
time delay A7 with respect to the slow one, see the left panel of Fig. 37. We refer to this second shell as the
“fast shell.” This shell propagates in an almost empty environment since most of the matter has been swept up
by the slow shell [360]. Thus, the fast shell moves with a constant Lorentz factor I'¢, eventually reaches the
slow shell, and merges with it, as sketched in the middle and right panels of Fig. 37. Details on the analytical
model describing the shell merger and the related conserved quantities are reported in Appendix B.1.

In order for the collision to happen at a given time 7oy, the slow and fast shells must be at the same
position at ¢ = Teon: R(Teon) = Ry (Teon). As extensively discussed in Appendix B.2, this condition gives
rise to a degeneracy between I'y and Ar (see also Appendix C of [365] for a similar discussion). Indeed, a
shell launched with a large delay and large speed could reach the slow shell at the same time of a slower shell
launched with a smaller time delay. Understanding this degeneracy among the characteristic shell parameters
is important, since I'¢ directly affects the dynamics of the collision between the two shells.

As the slow and fast shells collide, two shocks develop: a reverse shock, propagating back towards the fast
shell, and a forward shock, propagating through the slow shell. A detailed modeling of the collision between
the fast and the slow shell is not necessary to estimate the production of neutrinos. Therefore, we assume that

both the forward and reverse shocks created in the shell collision instantly cross the slow (forward shock) and
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Figure 37: Sketch of the collision and merger of two relativistic shells (not in scale). Left panel: The slow shell (marked in red) is launched by the central
engine and decelerated by the interaction with the external medium. A shock develops at the contact surface, leading to the classic afterglow
emission. The fast shell (marked in blue) is launched by the central engine with a temporal delay A7 and propagates freely. Middle panel : The
fast shell reaches the slow BM blastwave. Two shocks develop at the collision (marked in green); the internal energy released in this process is
emitted through radiation of secondary particles. Right panel: The merged shell (plotted in purple) propagates through the external medium,

emitting afterglow radiation.

the fast (reverse shock) shell, which thus merge in a single shell at T,);. In other words, when the collision

occurs, a hot “merged” shell instantaneously forms as described in Appendix B.1; see the right panel of Fig.

37. Despite the simplifying assumption of instantaneous merger between the two shells, our overarching goal
of computing the time-integrated neutrino event rate is not affected since the neutrino emission during the
merger interval is overall negligible, see discussion in Sec. 8.5.

In order to characterize the properties of the merged shell, we apply the energy-momentum conservation
equations, expanding on the model describing the collision of two relativistic shells for the internal shock

scenario employed to model the prompt phase [291, 292]. The main difference with respect to the internal

shock scenario [291, 292] is that our slow shell is hot and is sweeping up material from the external medium.

Thus, we need to include the internal energy of the slow shell and the swept up mass in our calculation. As
discussed in Appendix B.1, the following equations are obtained within the assumption of instantaneous
merger. Therefore, we evaluate the quantities describing the slow and the fast shells at time ¢ = T.o. The

initial Lorentz factor of the merged shell is

n’lfFf+meffF
mf/I“f+meﬂc/F ’

(8.6)
where my = E¢/(T'sc?) is the mass of the fast shell and meg = m +§W’/(c?) is the effective mass of the
slow shell. Here 7 = 4/3 is the adiabatic index in the relativistic limit (which holds since the slow shell is

hot) and m is the mass of the slow shell, i.e. the sum between the initial mass of the ejecta mg = Eis,/(Toc?)

and the swept up mass from the CBM up to the radius R,

R
m=mo+4n / dR'R*n(R")m,, . (8.7)
0
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Furthermore, at the collision, the internal energy W is generated:

WO, =TOW, = — [(msTp+mD)c* — (m+mp)Toc?| +TW . (8.8)

>| =

In the last stage of evolution, the merged shell moves in the CBM and interacts with it, giving rise to
the standard afterglow radiation. Note that another degeneracy occurs. In fact, the same value of T'Y, can
be obtained for different pairs of (Ey is0,70) or (Ep iso» Ax). Thus, different initial conditions can lead to
the same initial setup of the merged shell, nevertheless as discussed in Appendix B.2 and in Sec. 8.3, this
degeneracy is not reflected in the observed photon flux.

The dynamics of the slow shell depends on the comoving dynamical time [372],

R

thoo~— 8.9
dyn = 8¢ (8.9)
and the related comoving width is [382]
’ ’ _ R
I =cty, = Tk (8.10)
where the radius R is defined in Eq. 8.5.
The fast shell propagates with constant Lorentz factor I'y > 1, thus its radius evolves as [133]:
ZFJZC(I - Ar)c
Rf=—F—— 8.11
f (1+2) @11)
The comoving dynamical time of the fast shell is given by
, Ry
amt = 3p ¢ (8.12)
and its comoving width is
Vo Ry
lf =~ Ctdyn,f = E . (813)
The initial width of the merged shell is approximated as
l ’
oo f !
~T —+ = 8.14
while the dynamical time characterizing the merged shell at the collision is
0 l/O
Hynm = — (8.15)

c
where we have considered the Lorentz transformation for the length between the comoving and laboratory

frames.
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After a transient phase during which the merged shell relaxes, it is decelerated by the CBM and enters the
BM regime. Since we neglect the time needed by the merged shell to relax soon after the merger, a sharp
jump results in the light curve; this treatment is not adequate for realistic fits of the electromagnetic signal,
see Sec. 8.3.2 for a discussion, but such task is beyond the scope of this paper. The semi-analytical treatment
of the hydrodynamics of the collision, also taking into account the reverse shock crossing the fast shell was
obtained in Ref. [363]; considering such a treatment would not substantially affect the neutrino signal, since
current and future neutrino telescopes may only be sensitive to the time-integrated spectral distribution in the
most optimistic scenarios (see Sec. 8.6).

Once the merged shell enters the BM regime, its Lorentz factor I, evolves as described by Eqs. 8.3, by
replacing Iy — T'%, and using the appropriate deceleration time. Indeed, even though the dynamics of the
merged shell resembles the BM solution, there are some important and non trivial precautions to take into
account for the definition of its deceleration radius and time , see Appendix B.1. This is due to the fact that the
merged shell is already hot and contains swept-up material. Once the deceleration time of the merged shell is
properly defined, its radius R,, follows Eq. 8.5 by replacing I' — I',,. Finally, the width and dynamical time

of the merged shell after its deceleration are given by Egs. 8.9 and 8.10, withI' — I';;, and R — R,,.

8.3 PHOTON ENERGY DISTRIBUTION AND LIGHT CURVE

In this section, we introduce the main ingredients for the modeling of the emission of electromagnetic
radiation during the classic afterglow and at the shell merger which produces the optical jump. In the
following, we consider a generic shell with Lorentz factor I" for the sake of simplicity, however our treatment
holds for the afterglow generated both by the slow and the merged shell. The proper Lorentz factor has
to be taken into account for each case, i.e. Egs. 8.3 and 8.4 for the slow and the merged shell during the
afterglow with the appropriate initial Lorentz factor and deceleration time, as discussed in Sec. 8.2.2. As for

the collision, the relevant Lorentz factor is given by Eq. 8.6.
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8.3 PHOTON ENERGY DISTRIBUTION AND LIGHT CURVE

8.3.1 Photon energy distribution during the afterglow

It is assumed that particles undergo Fermi acceleration [139, 370, 388] at the forward shock. The synchrotron
radiation coming from shock accelerated electrons is broadly considered to be the origin of the observed
afterglow light curve [383]. For the modeling of the synchrotron photon spectrum, we follow Refs. [383, 385,
389]. The internal energy density of the blastwave is given by the shock jump conditions (Egs. B.3 and B.4).

Therefore, the internal energy density generated by the forward shock is [382]:
w' =4m,c*T(T - Dn, (8.16)

where n = ng and n = AR for the ISM and wind scenarios, respectively. A fraction €, of this energy goes
into accelerated electrons, a fraction ep into magnetic field, while protons receive the fractione, < 1€, —€p.

Thus, the magnetic field generated by the shock at the BM blastwave front is

B = \/32nmpc2nr(r —1)ep . (8.17)

Electrons are expected to be accelerated to a power-law distribution N, (y.) « 7y, ke where k, is the
electron spectral index. The resulting electron distribution has three characteristic Lorentz factors: minimum
(y;’min), cooling (y;’cool), and maximum (y; .,«) ones. The minimum Lorentz factor corresponds to the
minimum injection energy of electrons in the blastwave; the cooling Lorentz factor characterizes the energy of
electrons that have time to radiate a substantial fraction of their energy in one dynamical time; the maximum
Lorentz factor corresponds to the maximum energy that electrons can achieve in the acceleration region [107,

383]. These characteristic Lorentz factors are given by [383]:

’ mp (ke - 2)
oo e e p 8.18
Y e min €e mo (ko — 1) ( ) ( )
, 6mmec (1472)
Yecool = O_TBe/Z 73 (819)
1/2
, bre
Ye,max = (U'TB"_{::) ’ (820)

where o7 = 6.65 x 1072 cm™2 is the Thompson cross section, & represents the number of gyroradii needed
for accelerating particles, m, = 5 x 107* GeV ¢ 2 is the electron mass and e = VaTic is the electron charge,

where @ ~ 1/137 is the fine-structure constant and 7 ~ 6.58 x 1072 GeV s is the reduced Planck constant.
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8.3 PHOTON ENERGY DISTRIBUTION AND LIGHT CURVE

We take & = 10 [390]. The three characteristic Lorentz factors result into three observed characteristics break

energies E min, Ey cool and E may, in the synchrotron photon spectrum at Earth:

3 B r
E,=hv, = =—m,c*y"> ,
Y Y 0 eC Ve (1+Z)

% 8.21)

where Bg = 4.41 X 10'3 G. The electrons are in the “fast cooling regime” when v, min > Vy cool, While the
“slow cooling regime” occurs when vy min < Vy cool-

For the picture to be complete, the synchrotron self-absorption (SSA) frequency should be considered as
well. However, properly accounting for the SSA requires detailed information about the shell structure and the
eventual thermal electron distribution [391]. Since this frequency is expected to be in the radio band [107],
and since its inclusion does not change the results presented herein, we neglect SSA in the rest of this paper.

We are interested in the comoving photon density in the blastwave [in units of GeV~! cm~3]. In the fast

cooling regime, it is given by [383, 392]:

g ) E, <E
¥/ y,cool Y y,cool
’ N A’ -3/2 .
ny(Ey) - A), (E’V/E;/,cool) E;/,cool = E;’ S E;,min ’ (8'22)
’ ’ —3/2 ’ ’ ~(ket2)/2 _E’E,y ’ ’ ’
(Ey,min Ey,cool) (E)’/Ey,min) e Ey,min < E7 = E%max

while, in the slow cooling regime, it is

7 7 _2/3 ’ 4
(EV/Ey,min) EY < Ey,min
, Y, —(ke+1)/2
ny,(E) = A, (E'7 /E;’min) Ej in SEySE -

E’

—(ket1)/2 —(ke¥2)/2 __E¥
(B} coot/ B} min) (B} /B com) ¢ Bow B <E,<E
y,min y

,C00! Y/~ y,cool 7y,co0l y,max

(8.23)

Here EJ, = hv/, is the comoving photon energy. The normalization constant is

1 L, max
Al =~ 2 , 8.24
Y 24gR%c min(E’ . ,E’ ) (8-24)
y,min’ ~y,cool

where L, 10x = NeProax (Y., in) Be/ (E’y min) 18 the comoving specific luminosity [in units of s7',and 1/2 is

the geometrical correction coming from the assumption of isotropic synchrotron emission in the comoving
frame [226]. The number of electrons in the blastwave is N, = 4/ 3nnoR3 in the ISM scenario and N, = 47 AR

in the wind scenario, while Py, (y, . ) is the maximum synchrotron power emitted by electrons with

’

Lorentz factor y,, .

and defined as Pp,, (v, . ) = corB’ 2y’ 2 /(6m). Finally, ¢, ~ 0.6 is a constant

e,min

depending on the spectral index k. [393]; we adopt k. = 2.5, as suggested from simulations of relativistic

collisionsless shocks [85, 394]. This value is also consistent with that obtained from the study of X-ray
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8.3 PHOTON ENERGY DISTRIBUTION AND LIGHT CURVE 102

afterglows, see e.g. [395]. Note that for the classic afterglow, we consider the transition from fast to slow
cooling through the time evolution of the blastwave. Indeed, at late times the blastwave is in the slow cooling

regime, in agreement with observations (see e.g. [396, 397]).

8.3.2  Photon energy distribution during the shell merger

When the two shells collide, the internal energy WY, is released, see Eq. 8.8*. Assuming that eg . is the
fraction of the internal comoving energy density released during the collision and going in magnetic energy

density, the comoving magnetic field is

B = \[8ne) wil, (8.25)

where the comoving internal energy density is defined as

70 770
0 _ Wm Wm

= = , 8.26
TV TOARR(Teon)?l)) (8:20)

where 10 is given by Eq. 8.14 and V0 = 47R(T.on)?17 is the volume of the merged shell right after its
creation.

We assume that, at the collision, electrons are accelerated with the same index as the one of the particles
accelerated at the shock between the slow blastwave and the CBM (k, = 2.5). The fraction €0, of internal
energy density released at the collision goes into accelerated electrons, which cool through synchrotron
radiation. The characteristic energies of the resulting photon spectrum are E;’fﬁin, E;’f’cgol and E'y’f;?mx and are
defined as in Eq. 8.21 by replacing I’ — T, ,91, and where the magnetic field is given by Eq. 8.25.

The shell collision and the afterglow are two distinct processes. The former involves a hot and a cold
shell, the latter is related to the interaction between the slow, hot shell and the cold CBM. Therefore,

the microphysical parameters €.

n and e% do not need to be the same as ¢, and eg. Moreover, while
> ,m
observations suggest a slow cooling regime for the classic afterglow at late times, electrons accelerated at the

collision might be either in the fast or in the slow cooling regime, depending on the relevant parameters.

For the sake of clarity, we denote the physical quantities characteristic of shell collision with the apex “0”, to distinguish them from the

[T L]

parameters describing the deceleration phase of the merged shell (marked with the subscript “m”).
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If for fixed initial conditions of the colliding shells and collision time the condition y min > VZZ;)?;] is

verified, then the spectral energy distribution at the collision is

E’ /E/m,() -2/3 E’ < 'm0
Y/~ y,cool y,cool
n/m,O(E/) — A/m,() E’ /E;m,() -3/2 E/mO E/ E/m,O
Y Y Y Y/ =y, cool v,cool < y,min ’
£
_32 —(ket2)/2 -5
E'™ 0 rm,0 ’ rm,0 EJ™ rm,0 ’ rm,0
( o JE” wol) (EY /E%mm) e M EMO < Bl < EPO
(8.27)
where
6() 70
A0 = L : (8.28)

75';:1"0 dE/ /m() E E;
rm,0 ( )’)
min

If instead y;r:‘;l?n < 722;;2;1’ then the photon density is properly described by a slow cooling spectrum
-2/3
E/m 0/ -rm,0 rm,0
( /Ey mm) E, < Ey min

rm,0 ’ rm,0
Eymln = E = Ey cool

n;m,O(E/y) :A;m,O ( /mO/E/mO

y,min

)_(ke+l)/2

£
( /mO / /mO )_(ke+1)/2 (E/ /E/m,O )_(k2+2)/2 e_E;ff:gx E/mO < E/ < E/mO

y,cool’ ~y,min Y/ y,cool y,cool y,max
(8.29)
where
0 0 m0 \ (—ke+2)
A/m,O _ €e.mWm ye cool 330
Y - y/m,O 'm0 m,O ' ( ’ )
,fjfo dE' m (E )E' emm
ymin

In the last expression we have taken into account the fact that only a fraction of electrons radiates.

8.3.3 Light curve

We now have all the ingredients for investigating the expected light curve if the merger of two relativistic
shells occurs. We can distinguish between three time windows in the photon light curve: an “afterglow phase”
(Tgee <t < Teon), the “merging phase” responsible for the jump origin (f = Tco1), and a “late afterglow phase”
(t > Tgec.m»> With Tyec m given by Eq. B.28).

In our simplified model, the photon lightcurve is a stepwise function obtained as follows. For Tyec <t < Teol1,
the flux results from the interaction between the slow shell and the external medium. Therefore, it is described
by the synchrotron spectrum introduced in Sec. 8.3.1. At t = Ty, the flux undergoes a sharp increase:
this is obtained as the sum between the afterglow radiation generated by the slow shell at t = T, and the

synchrotron radiation instantaneously emitted at the collision, see Sec. 8.3.2 for its description. Finally, for

t > Tgec.m- the radiation comes from the deceleration of the merged shell. Thus, the light curve follows again
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the predicted broken power-law for the classic afterglow. The relations derived in Sec. 8.3.1 hold by applying

the temporal evolution of the Lorentz factor and the radius of the merged shell as prescribed in Appendix B.1.

Let F)(Ey) and F}'(Ey) be the photon fluxes at Earth obtained from the photon distributions of the slow
and merged shell, respectively, i.e. Eqs. 8.22-8.23, taken with the proper Lorentz factor and radius; F;,"’O(Ey)
is instead the photon flux from electrons accelerated at the collision, corresponding to the photon distributions

Eqgs. 8.27-8.29. Therefore, the resulting flux at Earth F, (E, ) reads as

F;(E’y) Tdec <t < Tcoll
Fy(Ey) = \F3(Ey,t = Toon) + F}*°(Ey) 1 =Tean . (8.31)
F)}:n(Ey) t = Tdec,m

This prescription does not aim to fit the afterglow light curves in the presence of a jump. Rather, it is a
qualitative parametrization useful for contrasting the neutrino signal in the presence of a jump with the classic
afterglow case.

We conclude by observing that we cannot model the transition phase Tco < t < Tgec,m analytically. Indeed,
we should take into account the time needed by the merged shell to relax before starting its deceleration; on
the contrary, we are assuming an instantaneous merger. This approximation may lead to overestimate or
underestimate the photon flux in the aforementioned time window. Even though this is may be problematic

for the electromagnetic signal, it does not affect the neutrino forecast substantially, as discussed in Sec. 8.5.

8.4 ENERGY DISTRIBUTIONS OF PROTONS AND NEUTRINOS

In this section, the energy distribution of protons is introduced together with the most relevant cooling

timescales. The steps followed to compute the neutrino flux expected at Earth are also outlined.

8.4.1 Proton energy distribution

We assume that protons are Fermi accelerated at the shock front, although the process responsible for

particle acceleration is still subject to debate, see e.g. Refs. [85, 101, 283-285]. Accelerated protons have a

104



8.4 ENERGY DISTRIBUTIONS OF PROTONS AND NEUTRINOS

non-thermal power-law plus exponential cutoff distribution defined in the frame comoving with the blastwave

as

7’

: E, \o
4 ’ ’ 7k 4 ’
n,(E,) =ALE, " exp[—(E, £ ) ]@(Ep —E) i) 5 (8.32)

p.max

where © is the Heaviside function, @, = 2 [115] and k), is the proton spectral index. The proton spectral
index resulting from non-relativistic shock diffusive acceleration theory is expected to be k, =~ 2 [398],
while it is estimated to be k, =~ 2.2 from Monte Carlo simulations of ultra-relativistic shocks [85], assuming
isotropic diffusion in the downstream. In this work, we assume k, = 2. The normalization constant is
Al = Epw'[/Ei‘::x dELE,n), (E;,)]‘l, where €, + €, + €g < 1 and w’ is the comoving energy density of
the blastwave. For the slow and merged shells, w’ is given by Eq. 8.16, by considering the Lorentz factor and

radius of the respective shell, while the energy density during the merger is given by Eq. 8.26. The minimum

, . .
.max 1S the maximum energy up

energy of accelerated protons is E;,mm =Im pc2 [226, 372, 373]. Finally, E
to which protons can be accelerated in the blastwave and is obtained by the constraint of the Larmor radius
being smaller than the size of the acceleration region or imposing that the acceleration timescale,

= ceB’
t = 7 (833)
p.acc é‘:Ep

is smaller than the total cooling timescale for protons. Similarly to the electrons, we assume that & = 10 for
protons [390].

The total cooling timescale for protons, at a fixed time of the evolution of the blastwave, is

'—1
p,cool

"1

_ S N BN B |
! =lyg tlpsynetipn Tlpp *lpputipic, (3.34)

1 - -1 -1 - . . . .
where Laa > Lpsyner Tpy s Lpp s Uy g Ly 1€ the adiabatic, synchrotron, photo-hadronic (p7y), hadronic (pp),

Bethe-Heitler (BH, py — pe*e™) and inverse Compton (IC) cooling timescales, respectively; these are

defined as follows [103, 390, 399]:

g = %, (8.35)
thame = % (8.36)
AR~ /; dEQ%?/E:M; dE, 0y (Ep)K py (Er) (8:37)
t;pl = cn,oppKpp (8.38)
I TR P Re
e = % / im %F(E;,y;,)n;(E;), (8.40)
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where y,, = E’p/mpcz, € = E’y/mecz, Ew = 0.150 GeV is the threshold for photo-pion production, and

B, ~ 1 for relativistic particles. The function F(E’,y},) is given in Ref. [400], with the replacement

m, — mp. The cross sections for py and pp interactions, o, and o, are defined following Ref. [277].

The function K, (E,) is the py inelasticity, given by Eq. 9.9 in [103]:

0.2 Eqn < E, <1GeV
Kpy(E) = (8.41)
0.6 E, > 1GeV
where E, =y, E’ (1 — 8}, cos 0') is the relative energy between a proton with Lorentz factor y}, and a photon
with energy E’,, moving such that they form an angle 6’ in the comoving frame of the blastwave. The
comoving proton density in the blastwave, n’,, is obtained from the jump conditions (see Appendix B.1)

and is such that n), = 4nI". The inelasticity of pp interactions is K, ~ 0.8 [231] and n},(E7)) is the photon

target for accelerated protons.

8.4.2  Neutrino energy distribution and flux expected at Earth

The blastwave is rich of photons radiated by shock accelerated electrons, which are ideal targets for protons
co-accelerated at the shock. This results in efficient neutrino production through py interactions, mostly

dominated by the A* resonance:

n+n* 1/3 of all cases
p+y — A" — (3.42)
p+n° 2/3 of all cases .

Neutral pions decay in two photons: 7°

— 2v; while charged pions can produce neutrinos through the decay
chain 7% — u* +v,,, followed by the muon decay u* — ¥, + v. +e*. Note that, since the number of
photons in the blastwave is much larger than the number of protons swept up from the CBM by the blastwave,
we can safely neglect the contribution to the neutrino emission due to pp interactions. Indeed, the cooling
timescales satisfy tl‘,}, < t;,;, for typical GRB afterglow parameters, as shown in Appendix B.3.

In order to compute the neutrino spectral energy distribution resulting from p7y interactions, we rely on the
semi-analytic photo-hadronic model described in Ref. [115]. This model is based on SOPHIA [118], which

takes into account the A* channel in Eq. 8.42, as well as the N resonances, the multi-pion and direct-pion

production channels.
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The procedure adopted to compute the neutrino energy distribution is the same for all three time windows

of our GRB afterglow model, after taking into account the corresponding distributions of photons and protons.

Given the comoving photon energy distribution, r’, (E7,), and the comoving proton energy distribution
n;, (E ;,) [both in units of GeV~! cm™3], the rate of production of secondary particles [ = ¥, 79, K* in the

comoving frame [in units of GeV~! cm™ s~!] is given by [115]:

’ ’ « d
Q/(E]) = ¢ / ,
E/ p

E’ e
p_ ’ ’ ’
n'(E )/ dE, N, (EL)R(x,y) , (8.43)
 E Py, 7T

where x = E/E}, is the fraction of proton energy that goes into the secondary particles, y = y},E; and R(x, y)
is the response function, which contains information on the interaction, i.e. cross section and multiplicity.
Before decaying, charged mesons undergo energy losses. Their energy distribution at decay is approximated

by:

"dec [ o/ e t; cool™!
0, (E)) :Ql(El)[l—exp(— : )] (8.44)

[
EjT]
where t]  is the cooling time scale of the / meson, m; its mass and 7/ its lifetime. Finally, mesons decay

and the resulting neutrino comoving spectrum [in units of GeV cm™3 s~!] is

’ Y — * dEl’ ‘dec ¢ 7/ E(/
QVQ(EV) - 7 Ql (EI)FI—WQ 7| (845)
E;, El El

where a = e, u is the neutrino flavor at production and F;_,,,, is a function defined as in Ref. [273]. Kaons

suffer less from radiative cooling compared to charged pions, due to their larger mass and shorter lifetime.

Thus, their contribution to the resulting neutrino spectrum is always sub-leading at lower energies, but may
become dominant at higher energies [238, 274-276].

For a source at redshift z, the flux of neutrinos of flavor a expected at Earth [in units of GeV-!em™2s71]
is:

(1+2)? Ey(1+2)

@, (E,,2) = st’he” ; Pvﬁ_wn(Ev)Q;,ﬁ[ T , (8.46)

where VS’hell = 47 R’ is the volume of the emitting shell [280] and !’ its width. The neutrino oscillation

probability Py, (Ey,) is such that P, = Py, 5, and is given by [279]:

Vg
|
Pve—wu = PV;:_”’e =Py, = Z sin“ 261, , (8.47)
1 .
PVH—>VH = Pv,,—>v,- = §(4 — sin? 012) , (8.48)

1
Py, = 1—§sin22912, (8.49)
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Table 1: Characteristic parameters assumed for our benchmark GRB afterglow in the ISM and wind CBM scenarios.

Erjso (erg) To no (cm™@)or Ay e ep €, €}, Teon (s) Ef(erg) ke kp

ISM 1073 300 1.0 0.1 0.1 0.1 0.1 5x10° 2x10% 25 2

Wind 1073 100 0.1 0.1 0.1 0.1 0.1 5x10° 2x102 25 2

with 81, ~ 33.5° [281]. The luminosity distance in a standard flat ACDM cosmology is

c < dz’
dr(z)=(1 — R 8.50
L) = ( +z)HO/0 e (8.50)

where we adopt Hy = 67.4 km s™! Mpc™!, Qp; = 0.315, and Q4 = 0.685 [401].

8.5 AFTERGLOW SIGNALS

In this section, we present our findings on the particle distributions expected at Earth from the GRB afterglow.

We explore the photon light curve as well as the temporal evolution of the neutrino spectral energy distribution
in three time windows: the afterglow generated by the first shell launched by the central engine, the time at

which the fast shell collides and merges with the slow one, and the afterglow generated by the merged shell.

8.5.1 Particle emission in the absence of a late shell collision

We consider a benchmark GRB with characteristic parameters as in Table 1 and located at z = 1. The chosen
value for the isotropic kinetic energy is motivated by post-Swift observations reporting an average isotropic
energy emitted in photons E%iso =0(10%) erg [402] and assuming a conversion efficiency of ~ 10%E,
into gamma-rays, therefore leading to the isotropic kinetic energy E iso ~ 10° erg. Moreover, we rely on
the standard microphysical parameters reported in Ref. [383]. Since there is no evidence for the values of
typical microphysical parameters characteristic of the collision, we fix eg’m =€, and eg!m = €p. Finally, as

for the CBM densities, we follow Refs. [383, 385].
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Figure 38: Light curves expected at Earth for our benchmark GRB at z = 1 for the classic afterglow scenario (cyan dashed line) and in the presence of an
optical jump (brown solid line) for an observed photon frequency v, = 6 x 10'* Hz. The brown star marks the flux generated at Tgop. At the
merger and after it, the observed flux is larger than the one expected from the classic afterglow. The gray shadowed region (Teon < t < Tgec,m)
is excluded from the computation of the neutrino signal since we cannot treat this transition phase analytically (see the main text for details). We
assume a photon spectral index k. = 2.5. In order to guide the eye, the vertical grey dashed lines mark the times at which we show snapshots of
the spectral energy distribution of photons and neutrinos (see Figs. 39 and 40). These light curves should be considered for illustrative purposes

only, since we assume the instantaneous shell collision for simplicity.

Concerning the fast shell, we fix I'y by taking Ay << Teon, so that I'y = 2I'(Teon) (see Appendix B.2).

Since there are no theoretical constraints on the energy E r, we fix the latter by following Ref. [360]. We
choose E ¢ = 2Ejs, relying on the results of “case 4” of Ref. [360], for which the strongest rebrightening
is obtained. Moreover, we fix Teo = 5 X 103 s both for the ISM and the wind scenarios. At this time the
light curve is decreasing in both scenarios, and it has been chosen consistently with the observation of jumps
between a few hundred seconds and ~ 1 day after the onset of the burst [346, 352-354].

In the classic afterglow scenario, the time evolution of the photon light curve at Earth, computed as
described in Sec. 8.3.1, for our benchmark GRB is shown in Fig. 38 (cyan dashed line). The light curve is
computed for an observed photon frequency v, = 6 X 10'* Hz, i.e. in the optical band. For both the ISM and
wind scenarios, the breaks in the light curve are determined by the times at which the break frequencies
Vy,min and v, coo1 Cross the observed one v, and vy min = Vy,cool-

The photon and neutrino fluxes expected at Earth (see Sec. 8.4.2) are shown in Fig. 39 for ¢ = Tyec, 3T4ec,
and 107y (marked with vertical lines in Fig. 38) for the ISM and wind scenarios. We refer the interested

reader to Appendix B.3 for a discussion on the characteristic cooling times of protons and mesons affecting

the neutrino distributions. For both CBM cases, the flux at Earth decreases with time, as expected [383].

Moreover, the peak of the photon energy distribution and its energy breaks shift to lower energies as time

109



8.5 AFTERGLOW SIGNALS

10-3 Photons (ISM) 10-7
— t=Tue t=10Tgec
1071 ¢ — t=3Tgec J

Muon neutrinos (ISM)

y[GeVem™2 st
[y
o
&
:
d

—_
o
|
~
T
L

'ELTI()*B 1 m} 10—11 L 4
10—9 A A d d d d A L 10—12 1 ! ! L
107910810-710-6107510"4107310-210"1 100 104 105 106 107 108 109 101°
Ey [GeV] E, [GeV]
10-3 . Plhotolns (|Win(|1) 10-7 Muon neutrinos (Wind)
T 107t ]
"
% 105
g J
> 10-6
[ i
© 107
>
NG> 108 3
[na]
10*9 — 17 17 l7 l7 l7 '7 '7 '7 ” 10—12 ! ! ! ! !
1079107810-71076107°10741073107210"* 10° 104  10° 105 107 108 10° 10%°
Ey [GeV] E, [GeV]

Figure 39: Left: Synchrotron photon flux expected at Earth for the classic afterglow scenario for t = Tiec, 3T4ec, and 10Ty (see the gray vertical lines in
Fig. 38) for our benchmark GRB in Table | at z = 1. Right: Corresponding neutrino flux expected at Earth. Both fluxes for the wind scenario

decrease faster than for the ISM scenario.

increases. This is due to the fact that the minimum and cooling energies scale with time as E,, i, o 1312
Ey cool & 1712, respectively [383].

In the right panels of Fig. 39, we show our results concerning the neutrino flux. In the wind scenario, the
neutrino flux peaks at E2* ~ 8.1 x 107 GeV for ¢ = Tyec and then decreases up to EF** ~ 6.3 x 107 GeV
for t = 10Tye.. For the ISM scenario, the neutrino flux peaks at Eﬁeak ~ 7.7 x 107 GeV and at Egeak ~
7.3 % 107 GeV for t = 10Tye.. The effect of kaon cooling is not visible, since as shown in Appendix B.3 (see
Fig. 68) kaons cool at energies larger than the maximum energy of protons in the blastwave. Note that both
the photon and the neutrino fluxes are larger in the wind scenario than in the ISM one, but they decreas
faster in the wind case [372]. This is due to the fact that higher densities of the external medium can be
initially reached within the wind profile. At such densities, the blastwave decelerates faster, leading to a

rapidly decreasing flux [372]. The higher densities in the wind scenario also allow for higher magnetic fields,

which cause the shift of the cooling frequency in the photon spectrum at energies lower than the ISM case.

Of course, this is a direct consequence of the value adopted for €p.
The standard afterglow scenario has been already investigated in the literature for what concerns neutrino

emission. Nevertheless, there are some relevant differences with respect to the results presented in this
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section. Our classic afterglow model resembles the one investigated in Refs. [372, 392]. However, by
using the benchmark input parameters of Refs. [372, 392], we find a neutrino flux that is almost 5 orders of
magnitude larger, but with an identical shape. This discrepancy might be caused by several reasons. First,

there is a missing factor (E’ . / E; =172 in the photon distribution in Eq. 11 of Ref. [372]; second, in the

y,min ,cool)

definition of the proton flux of Ref. [372] there is a factor 1/[47(1 + z)?] in excess, which contributes to
further lower the corresponding neutrino flux. On the other hand, our results on the photon and neutrino
fluxes are in agreement with the ones in Refs. [226, 383], respectively.

The afterglow flux produced by the reverse shock has been investigated in Ref. [373], while we focus on
the contribution from the forward shock. The neutrino flux obtained in Ref. [373] strictly depends on the
assumptions on the thickness of the shell. For example, in the case of a thin shell with Ej, = 4 x 1072 erg
and propagating in an ISM with 7y = 0.5 cm™3, the estimated flux peaks at Egeak ~ 10'° GeV, where it
should reach about 1079 GeV cm™2 s~! for a GRB at z = 1. This result is comparable with our maximum
flux ~ 2 x 1072 GeV cm~2 s~!, considering that the isotropic energy adopted in Ref. [373] is one order of
magnitude smaller than the one we adopt in this work. Nevertheless, the neutrino flux peaks at energies higher
than ours in Ref. [373]. Indeed, our fluxes peak at E, ~ 108 GeV, in contrast with the peak at ~ 10'° GeV
in [373], probably because of the different initial I'y and because protons are expected to be accelerated
at higher energies at the reverse shock. The most optimistic case considered in Ref. [373] is a thick shell
propagating in a wind environment. In the latter scenario, the afterglow flux reaches an amplitude about
~ 2 orders of magnitude larger than ours at the peak energy E, ~ 10° GeV, which is shifted by ~ 1 order of
magnitude with respect to ours. Also for the wind scenario, the differences are mainly due to the energy of
the ejecta, assumed to be ~ 4 times larger than ours, and the density of the environment up to 10 times larger
than our benchmark value. Moreover, we rely on the thin shell assumption rather than the thick one, hence
the results are not directly comparable. Finally, note that the emission from the reverse shock lasts longer

than the emission from the forward shock.

8.5.2  Particle emission in the presence of a late shell collision

In the presence of an optical jump, we model the afterglow light curve through the late collision of two

relativistic shells. Att = T.o1, we compute the neutrino flux as described in Sec. 8.4.2 and by using the photon
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distribution introduced in Sec. 8.3.2. After the merger, the resulting merged shell starts to be decelerated by
the external medium, emitting radiation with the standard features expected during the afterglow, as discussed
in Sec. 8.5.1, but with the parameters characteristic of the merged shell. Since energy has been injected in
the slow shell during the merger, the merged shell is more energetic than the slow one. Thus, we obtain a
higher photon flux as shown in Fig. 38 (brown continuous line). The star denotes the flux at r = T, given
by the sum of the afterglow radiation (see Sec. 8.5.1) generated by the slow shell and the radiation from

the shocks developing at the collision. For our choice of parameters, electrons accelerated at the collision

are in the slow cooling regime both in the ISM and wind scenario (see Appendix B.1 and figures therein).

Therefore, the appropriate photon distribution is given by Eq. 8.29.

Since it is assumed that the merger occurs instantaneously at the collision time, we are not taking into
account the time needed by the merged shell to relax before being decelerated to the BM solution. Because
of this approximation, we neglect the neutrinos produced for T¢o < ¢ < Tgec.m, Since an analytic treatment in
this transition phase is not feasible, as already mentioned in Sec. 8.3.3. The time window excluded from our
calculations of the neutrino signal corresponds to the gray shadowed area in Fig. 38. Note that, for most of
the initial configurations of the slow shell, we find Tyec.m = 2 Teon. The exclusion of such a time window in
our calculation negligibly affects the overall time-integrated neutrino signal, which is the main goal of this
work (see Sec. 8.6).

Figure 40 shows the photon and muon neutrino fluxes at ¢ = T and after the merger at t = 107 gec i for
the ISM and wind scenarios. These times are marked in Fig. 38 by vertical lines. For comparison, we also
show the photon and neutrino fluxes that would be generated at r = 107Tgec , if no merger occurred. In both
CBM scenarios, the neutrino flux increases in the presence of a jump, as expected, due to the denser photon
field leading to more efficient p7y interactions (see also the cumulative number of muon neutrinos plotted as a
function of time in Fig. 41).

The peak of the neutrino distribution at late times in Fig. 40 is shifted at higher energies compared to the
case without merger. This is explained because the energy density content of the merged shell is larger than

the one of the slow shell, thus the corresponding magnetic field is larger as well. This results into a greater

4

p.max depends linearly on the magnetic field;

maximum energy of protons in the merged blastwave since E

indeed, the acceleration time (see Eq. (8.33)) limits the maximum energy of protons. Finally, the quantities
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Figure 40: Photon (on the left) and neutrino (on the right) fluxes expected at Earth as functions of the particle energy from the afterglow when the merger of

two relativistic shells occurs for the ISM (top two panels) and wind (bottom two panels) scenarios for our benchmark GRB in Table | at z = 1.

For each CBM scenario, the fluxes are shown at t = To) and 10 Tyec , (see vertical lines in Fig. 38). The brown lines display the total expected

flux in the presence of a merger, while the cyan lines represent the flux that would be observed in the absence of a jump. The late shell merger

enhances the photon and neutrino fluxes compared to the standard afterglow scenario and shifts the peak of the energy distributions at larger

energies.
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Figure 41: Cumulative number of muon neutrinos expected at Earth for the ISM (left panel) and wind (right panel) scenarios as a function of time for our
benchmark GRB (Table 1) at z = 1. The brown solid line represents the number of muon neutrinos produced when the shell merger occurs, while
the cyan dashed line corresponds to the case of the classic afterglow. In order to guide the eye, the gray vertical lines mark the times at which we
show the neutrino flux at Earth for the classic afterglow scenario (Fig. 39) and when a jump occurs (Fig. 40). In the ISM environment, the jump

significantly increases the cumulative number of neutrinos, while the difference between the two scenarios is negligible in the wind case.

entering the Lorentz transformation of the flux at Earth (e.g. the Lorentz factor) are larger for the merged
shell than for the slow one.

From Fig. 41, we can see that the number of neutrinos at T, is given by the sum of the neutrinos produced
at the shock front between the slow shell and the CBM and the neutrinos produced at the collision between
the slow and fast shells. After the merger, the only contribution comes from the afterglow of the merged shell.
By comparing the left and right panels of Fig. 41, we note that a larger efficiency in the neutrino production is
achieved in the ISM scenario in the presence of shell merger. In particular, for the ISM scenario the number
of neutrinos increases by a factor of 6. This result is justified in light of the fact that the neutrino flux rapidly
decreases for a wind-like CBM. Thus, the early time emission dominates the time-integrated neutrino flux.
Motivated by these results, in the next section we discuss the detection prospects for neutrinos produced

during the GRB afterglow when a jump occurs in the light curve.

8.6 NEUTRINO DETECTION PERSPECTIVES

In this section, we explore whether the increase in the number of neutrinos expected in the presence of
an optical jump could reflect improved detection perspectives at ongoing and future generation neutrino

telescopes. We explore the detection prospects for the all-sky quasi-diffuse flux as well as point source
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searches. Finally, we forecast the expected neutrino fluence from GRB 100621A and for a second hypothetical

GRB with parameters inspired by the bright GRB 130427A.

8.6.1 All-sky quasi-diffuse flux

The average isotropic kinetic energy from the catalogue of the Gehrels Swift Observatory is Ey jso =
10%3 erg [262] and the redshift distribution peaks at z ~ 2 [282]. Hence, we compute the all-sky quasi-diffuse
flux by placing our benchmark GRB at z = 2 and assuming that its flux is representative of the GRB
population. For a GRB rate of N ~ 700 yr~! [140, 403, 404] and an isotropic distribution of all the sources

in the sky, the all-sky quasi-diffuse flux is:

N
Fu,(Ey) = o / dt @, (Ey,z=2), (8.51)

being ®,,, defined as in Eq. 8.46. In the case of the afterglow generated by the slow and the merged shells,
we perform the time integration for t € [Tyec, Tsedov], Where Tseqoy marks the Sedov time when the blastwave
becomes non-relativistic and enters the Newtonian regime. At Ty the integration over time is replaced by the
product with tgyn,m = t('j())m’m(l +2)/TY, where té())mym is given by Eq. (8.15), since the collision is considered
to be an instantaneous process.

The top panels of Fig. 42 show the all-sky quasi-diffuse neutrino flux in the absence of shell merger,
i.e. if the light curve resembles the standard afterglow scenario, for the ISM and wind scenarios. For the
ISM scenario, the band corresponds to 1 < ng < 10 cm~3; while for the wind scenario, the band includes
0.01 < Ax <0.1.

So far, the IceCube Neutrino Observatory has detected neutrinos with energies up to a few PeV [37, 112,
374, 375]. Even though several sources have been proposed to explain the origin of high-energy neutrinos [32,
279, 366-368], only a handful of possible associations have been presented between neutrinos and active
galactic nuclei, tidal distruption events (TDEs), and superluminous supernovae [49, 59, 65, 405-410]. In
particular, limits on the quasi-diffuse neutrino flux from GRBs have been placed by the IceCube Collaboration
by taking into account the prompt emission [140], while a similar analysis on the afterglow phase is missing.
A statistical analysis aiming to look for temporal and spatial coincidences between GRB afterglows and

neutrinos detected by the IceCube Neutrino Observatory has been carried out in Ref. [403]. In agreement

with the findings of Ref. [403], our quasi-diffuse flux does not overshoot existing upper limits on the prompt
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Figure 42: All-sky quasi-diffuse muon neutrino flux from GRB afterglows for the constant density (left panels) and wind (right panels) CBM scenarios,
for the standard GRB afterglow (top panels) and the case with optical jumps (bottom panels). For the ISM scenario, the band is defined
by 1 < np < 10 cm™3 (dotted and solid lines, respectively). For the wind scenario, the band is defined by 0.01 < A, < 0.1. For the
bottom panels, the quasi-diffuse neutrino flux is computed for the optimistic scenario with Noplimisﬁc = 30%N (brown shadowed region) and
Npessimis[ic = 10%N (orange shadowed region). In the presence of optical jumps, the all-sky quasi-diffuse flux slightly increases for the ISM
scenario, while negligible changes occur for the wind case. For the wind environment, there is no difference between the optimistic and
pessimistic cases since the classic afterglow always dominates the neutrino fluence. In the cases with and without shell merger, the all-sky
quasi-diffuse neutrino flux is in agreement with the results on GRB afterglow neutrino searches reported in Ref. [403] and it does not overshoot
the IceCube limits on the GRB prompt emission [140], as well as the limits placed by the ANTARES collaboration [411] and the expected ones

for KM3NeT [179].

emission reported by IceCube [140] and by the ANTARES collaboration [411], as well as the ones expected

for KM3NeT [179]. Despite differences in the theoretical modeling of the expected signal, our conclusions

are also consistent with the detection prospects for the GRB afterglow neutrinos outlined in Ref. [412].

Assuming that jumps occur in the afterglow light curve, the corresponding all-sky quasi-diffuse muon
neutrino flux is shown in the bottom panels of Fig. 42 for the two CBM scenarios. Since the fraction of GRB
afterglows having optical jumps is largely uncertain [346, 354], we consider an optimistic (pessimistic) case
such that the rate of GRBs per year with jumps is 30% (10%) of N (see Eq. 8.51). The “pessimistic” fraction

of GRBs with optical jumps is extrapolated by the analysis carried out in Ref. [354], where they estimate that
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10 out of 146 GRBs with well resolved optical light curves displayed a jump. The “optimistic” fraction of
GRBs with optical jumps is obtained by considering that the actual fraction of GRBs with optical jumps
is not known and existing constraints may be plagued by observational biases, most notably the missing
complete coverage over the first few hours. Therefore, we assume an upper limit of ~ 30% of the GRB
population displaying a jump in the light curve.

The all-sky quasi-diffuse neutrino flux for the ISM scenario is enhanced by a factor ~ 3 by assuming that
30% of the GRB afterglows shows jumps. On the contrary, for the wind scenario, the variation is basically
null since the neutrino fluence is dominated by the early-time flux, i.e. the neutrino emission expected from
the standard afterglow. This is due to the fact that, as mentioned in Sec. 8.4.2, the flux quickly decreases for
the wind profile. Thus, at the time of the shell collision, the flux is already small and does not contribute to
the quasi-diffuse emission substantially. Even though the presence of optical jumps slightly enhances the
all-sky quasi-diffuse flux, the latter is still below the limit for the prompt phase of IceCube and is consistent
with the results of Ref. [403].

The neutrino diffuse emission associated with late optical jumps has been investigated in [413] for optical
flares occurring after 1 day from the onset of the prompt emission, thus at times larger than the ones considered
in this work. Moreover, Ref. [413] carries out an approximated theoretical modeling of the jump and uses
fixed values for the radius of the outflow and its Lorentz factor, while we embed the temporal evolution of the
blastwave and consistently model the shell merger. In Ref. [413], a distance of R ~ 10'® cm with Lorentz
factor I' = 10 at = 1 day is assumed. Through our approach and for the same luminosity, we obtain for the
ejecta (that we assumed to be the slow shell) R =~ 10!7 ¢cm for I" ~ 4. In the light of these differences, we
conclude that our results are not directly comparable to the ones in Ref. [413]. Furthermore, the estimation
reported in Ref. [413] is based on Ref. [414], where the expected neutrino signal from the X-ray flares is
computed by assuming the late internal shock scenario of Ref. [415]. This model assumes that shock heated
electrons in the BM shell are cooled through external inverse Compton scattering. On the other hand, in this
work, we only consider synchrotron emission. Despite the major differences in the modeling with respect to
this work, Ref. [413] also concludes that the optical jump leads to an increase in the expected number of

neutrinos.
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8.6.2 Point source searches

Figure 43 shows the fluence §,,, for our benchmark GRB (Table 1) with an optical jump assuming a distance
of 40 Mpc (brown-shadowed region) for the ISM (on the left) and wind (on the right) scenarios. We
also assume a band for 1 < ng < 10 cm™3 (ISM density) and 0.1 < A, < 0.01 (wind). We compare the
expected muon neutrino fluence with the most optimistic sensitivity of IceCube-Gen?2 radio expected for the
declination angle of the source in the sky (6 = 0°) [416], the sensitivity of IceCube for a source located at
0 = —23° [416, 417], the sensitivity of RNO-G for a source at § = 77° [176], the sensitivity of GRAND200k
for |6 = 45° [17], and the full range time-averaged sensitivity of POEMMA [376] 5.

Other radio neutrinos detectors have already been operating in the past years, such as the Askaryan Radio
Array (ARA) [175, 418], the Antarctic Ross Ice-Shelf ANtenna Neutrino Array (ARIANNA) [419, 420] and
the Antartic Impulsive Transient Antenna (ANITA) [177, 421]. Nevertheless, in the energy region where the
afterglow fluence peaks these detectors have worse sensitivity compared to the ones displayed in Fig. 43 and
thus we did not consider them in our analysis. Note also that, at these energies, the neutrino background
could also be populated by cosmogenic neutrinos [422-424], neutrinos from TDE [425], newborn pulsars
and millisecond magnetars [132, 426], in addition to GRB afterglow neutrinos [372, 373].

For a source at d;, = 40 Mpc, no detection of neutrinos is expected neither at IceCube—consistently with

current non-observations—nor at GRAND 200k and RNO-G for both CBM scenarios. On the contrary,

a successful detection could be possible with the radio extension of IceCube-Gen2 for the ISM scenario.

In principle, in this case through the detection of neutrinos with IceCube-Gen2 radio, we could be able to
constrain the CBM through neutrinos as well as probe the mechanism powering the optical jump. Indeed, the
results presented in this paper are based on the assumption of a late collision between two shells, but other
mechanisms may lead to different signatures in the neutrino signal. Furthermore, if no neutrino event is
detected in temporal and spatial coincidence with the GRB event, constraints could be set on the parameters

describing the jump in the afterglow light curve.

The declination angles for the detectors are not the same for all instruments since they have been chosen to guarantee the most optimistic
conditions for detection. In addition, GRAND200k and POEMMA are designed to be sensitive to showers initiated by tau neutrinos.
Nevertheless, the following flavor composition (ve : v, : v¢) = (1:1: 1) [278] is expected at detection. Thus, the fluence of tau

neutrinos expected at Earth is comparable to the one of muon neutrinos.
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Figure 43: Muon neutrino fluence for our benchmark GRB afterglow with an optical jump at dr, = 40 Mpc (brown shadowed region) for the ISM (left
panel) and wind (right panel) scenarios. The fluence bands correspond to 1 < ng < 10 em™3 and 0.1 < A, < 0.01 (dotted and solid lines for
the lower and upper bounds, respectively). The expected fluence is compared with the estimated sensitivities of IceCube-Gen2 radio for a source
at 6 = 0° [416], IceCube for a source located at & = —23° [416, 417], RNO-G for a source at § = 77° [176], GRAND200k for a source at
|| = 45° [17], and the full range time-averaged sensitivity of POEMMA [376]. For the ISM scenario, IceCube-Gen2 radio shows promising

detection prospects.

8.6.3 Detection prospects for GRB 100621A and a GRB 130427A-like burst

We now explore the neutrino detection prospects for GRB 100621A, whose optical jump [352] has been
detected in seven channels simultaneously with GROND [427]. We also investigate the detection prospects
for a second GRB whose parameters are inspired by the bright and nearby GRB 130427A [377-379]. An
optical jump has not been observed for GRB 130427A, however we assume that it has one (hereafter GRB
130427A-like). The model parameters inferred for these two GRB afterglows and related uncertainties are
summarized in Table 2. We fix Too = 5 X 103 s for GRB 100621A, according to observations. As for GRB
130427A-like, we choose Ty = 1 x 10* s for the ISM and wind scenarios, in order to have the light curves
decreasing at T, in both scenarios.

For GRB 100621A, we fix eg,m and eg’m by matching the amplitude of the jump in the light curve. For
GRB 130427A-like, we fix egm = €, and we choose e%’m in order to get the same rebrightening both for the
ISM and wind scenarios. We note that there is a substantial freedom in the choice of eg,m and E%’m.

The wind scenario has been excluded for GRB 1000621A, thus we perform the calculations only for the
ISM case. For our GRB 130427 A-like, instead, we explore the detection perspectives both for the ISM [377]

and wind [377, 378] scenarios.
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Table 2: Parameters characteristic of GRB 100621A [352] (second column) and GRB 130427A-like (inspired by GRB 130427A [377-379], third and
fourth columns). For GRB 100621A, only the wind scenario is considered, while both CBM scenarios are investigated for GRB 130427A-like, see

main text for more details.

GRB 100621A (ISM) GRB 130427A-like ISM) GRB 130427A-like (wind)

Episo (e12) 2.8 x 1073 3.8 x 10°* 4.2 %105
z 0.54 0.34 0.34
no(cm™3) or A, 1-100 (2-7) x 1073 (1-5) x 1073
To 60-104 850 430
€e (2-6) x 1072 0.3 0.3
€B 6x107°-6x 1074 1074 3x 1072
€, 0.1 0.3 0.3
€% m 1074 -1073 1074 0.1

The expected neutrino fluences are shown in Fig. 44. For both GRBs, the detection of neutrinos seems
unlikely. Thus, if GRBs with properties similar to GRB 100621A or GRB 130427A-like should be observed,
no associated neutrino signal should be expected, unless the burst propagates in an ISM with ng larger than

the one inferred for GRB 130427A [377] or the bursts occur at smaller distances.

8.7 CONCLUSIONS

The light curve of some gamma-ray burst afterglows exhibits a sudden intensity jump in the optical band
between about one hour and one day after the prompt emission. The origin of this peculiar emission is not
known yet, nor the fraction of GRBs displaying this feature. In this paper, we assume that the optical jump
results from the late collision of two relativistic shells, as proposed in Ref. [360].

After modeling the shell merger analytically, we compute the neutrino emission from the GRB afterglow
within a multi-messenger framework by considering two scenarios for the circumburst medium: a constant
density case (ISM) and a stellar wind profile. We find that the presence of an optical jump can increase the

number of produced neutrinos by about an order of magnitude.
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Figure 44: Neutrino fluence for GRB 100621A (left panel) and GRB 130427A-like (right panel) for the parameters in Table 2. The brown (orange)
bands represent the ISM (wind) scenario. For GRB 100621A, the dotted (solid) line corresponds to ng = 1 cm™3 (np = 100 cm_3)4 For
GRB 130427A-like, the dotted lines correspond to ny = 2 X 1073 cm™3 (ISM) and A4 = 1073 (wind), while the solid lines refer to
np=7x1073 cm™3 (ISM) and A, = 5 x 1073 (wind). The expected fluence is compared with the estimated sensitivities of IceCube-Gen2
radio for a source at § = 0° [416], IceCube for a source at § = —23° [416, 417], RNO-G for a source at § = 77° [176], GRAND200k for a

source located at | §| = 45° [17], and the full range time-averaged sensitivity of POEMMA [376]. For both GRBs, the neutrino fluence lies

1010

below the point source sensitivities for all detectors.

The expected quasi-diffuse flux of afterglow neutrinos falls below the upper limits placed by the non-
detection of neutrinos during the GRB prompt phase. IceCube-Gen2 radio shows the most promising
detection prospects for point source searches, potentially being able to constrain the mechanism powering
the optical jump as well as the properties of the circumburst medium through neutrinos; for a source at
dy. = 40 Mpc, a successful detection could be possible with IceCube-Gen2 radio for the ISM scenario.

We also explore the neutrino emission from GRB 100621A and a burst similar to GRB 130427A but
with an optical jump, assuming both these GRBs as benchmark cases given their respective luminosity and

redshift. However, because of their distance, the neutrino detection prospects from the afterglow of GRBs
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similar to these ones could not be probed with next generation neutrino telescopes.

This work shows that the (non)-detection of neutrinos from GRB afterglows could offer an independent

way to explore the mechanism powering the jump as well as the properties of the circumburst medium, if a

GRB occurs relatively nearby or is especially bright.
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8.8 CRITICAL OUTLOOK

In this Section, we provide an overview of the pivotal results and implications of our study. We also outline

possible future directions to strengthen our results.

8.8.1 Overview and main findings

The delayed emission following the prompt phase of GRBs and observed across all the wavebands is
called afterglow. The latter is broadly believed to be associated with the synchrotron radiation of electrons
accelerated at the external shock resulting from the interaction of the GRB jet with the CBM. However,
observations of GRB afterglows have unveiled several unexpected features, which cannot be accommodated
within the standard afterglow model introduced in Sec. 8.5.1. Among these, one of the biggest surprises was
the observation of a sudden and pronounced increase in the brightness of the optical afterglow lightcurve at
late times, a feature dubbed optical jump.

The existence of the optical jump raises questions about the corresponding high-energy neutrino signal.
A sharp rise in the afterglow photon density should reflect in a larger likelihood of producing high-energy
neutrinos through py interactions taking place at the shock between the jet and the CBM. While the
high-energy neutrino signal produced during GRB afterglows has been extensively investigated in the
standard scenario [226, 232, 371, 372], the way it is modified in the presence of an optical jump remains
unexplored and we study it in this work for the first time.

We assume that the central engine responsible for the emission of the GRB jet undergoes delayed activity,
ejecting a fast shell of plasma. The latter can catch up with the shell initially ejected, which, at the time of the
second explosion, is being decelerated by the CBM and radiating standard afterglow emission. Within this
framework, the optical jump is due to the late collision of two relativistic shells. Following the collision,
the two shells merge into a single one that in turn interacts with the CBM and produces standard afterglow
radiation. The model successfully fits the lightcurve of some GRBs displaying an optical jump, such as GRB
100621 as shown in Fig. 45.

While numerical simulations of the late collision and merger of two relativistic shells exist in the

literature [360], our study provides the first analytical parametrization of this process. We combine the
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Figure 45: Optical lightcurve of GRB 100621 (black points) fitted with the model for the late collision of two relativistic shells developed in Ref. [360].

Figure from Ref. [352].

hydrodynamic shock jump conditions of ultra-relativistic shocks with general relativity tools and obtain
analytical expressions of the characteristic parameters of the merged shell. Subsequently, we employ our
analytical model to calculate the signature induced by the optical jump in the corresponding high-energy
neutrino signal. Importantly, we find that the neutrino signal is sensitive to the optical jump only when
the burst propagates in a constant density CBM. In this case, the number of neutrino events is expected to

increase up to one order of magnitude with respect to the standard afterglow scenario. The result is very

encouraging, as it significantly boosts the detection prospects of high-energy neutrinos from GRB afterglows.

Should the burst propagate in a constant density CBM, successful detection of neutrinos associated with
the afterglow optical jump may be possible with IceCube-Gen2 radio. If this detection were to happen, our
findings prove that we could probe the medium surrounding the GRB through neutrinos, since the jump in
the neutrino curve is not expected if the burst propagates in a wind-like medium. Furthermore, the intensity
of the rebrightening is sensitive to the CBM density. Notably, our findings would change if a different
framework were to be adopted to model the optical jump. Therefore, we conclude that neutrinos could also

be used to test the mechanism powering the jump.
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Future research directions

Possible pathways for strengthening of our model are outlined in the following:

Energy injection across all the wavebands. The injection of energy from the fast shell into the slow
one should result in the increase of the electromagnetic flux across all the wavebands. However, bright
jumps have been observed in the optical lightcurve only, with a dimmer jump sometimes observed
in the X-ray band. The lack of multi-wavelength observations may be attributed to experimental
constraints. The afterglow flux is quite dim by the time the jump is observed, and it possibly falls
below the sensitivity thresholds of instruments looking at wavelengths other than the optical range.
Upcoming telescopes in the radio and X-ray bands will provide further insights into this puzzling

phenomenon.

Including the reverse shock in the model. We assume that the reverse shock instantaneously crosses the
merged shell. This simplified picture does not affect the expected number of neutrinos, however it
produces the sharp lightcurves shown in Fig. 38. An analytical model including both the reverse and
forward shock contributions will allow us to obtain more accurate forecasts of the electromagnetic

signal associated with optical jumps.

Uncertainty on the rate of optical jumps. The all-sky quasi-diffuse flux outlined in Sec. 8.6 is affected
by the large uncertainties on the number of GRB afterglows with optical jumps. Currently operating
and upcoming optical surveys, such as ZTF and the Vera C. Rubini Observatory, respectively, will
potentially enable us to observe additional optical jumps, improving our knowledge of the fraction of

long GRBs displaying this feature.

In summary, our research highlights the potential of high-energy neutrinos to probe the CBM surrounding

GRB jets, while also testing the mechanism powering the optical jump. At the same time, our results advocate

for the development of more advanced theoretical models to better account for the wide array of features

observed during GRB afterglows. As high-cadence surveys with enhanced sensitivity will come online soon,

they will detect an increasing number of well sampled optical lightcurves of GRB afterglows. Therefore,

we expect additional optical jump data to become available in the near future, shedding new light on this

puzzling feature.
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PROBING GAMMA-RAY BURSTS OBSERVED AT VERY HIGH ENERGIES

THROUGH THEIR AFTERGLOW

Based on: Ersilia Guarini, Irene Tamborra, Damien Bégué, Annika Rudolph, Probing gamma-ray bursts
observed at very high energies through their afterglow, Mon. Not. Roy. Astron. Soc. 253 (2023) 149-162,

arXiv:2301.10256

ABSTRACT A growing number of gamma-ray burst (GRB) afterglows is observed at very-high energies
(VHE, 2z 100 GeV). Yet, our understanding of the mechanism powering the VHE emission remains baffling.
We make use of multi-wavelength observations of the afterglow of GRB 180720B, GRB 190114C, and GRB
221009A to investigate whether the bursts exhibiting VHE emission share common features. We assume
the standard afterglow model and microphysical parameters consistent with a synchrotron self-Compton
(SSC) scenario for the VHE radiation. By requiring that the blastwave should be transparent to y—y pair
production at the time of observation of the VHE photons and relying on typical prompt emission efficiencies
and data in the radio, optical and X-ray bands, we infer for those bursts that the initial energy of the blastwave
is Episo = O(10°) erg and the circumburst density is 79 < Q(10~") cm~3 for a constant circumburst profile
[or A, < O(107") cm™! for a wind scenario]. Our findings thus suggest that these VHE bursts might
be hosted in low-density environments, if the SSC radiation is responsible for the VHE emission. While
these trends are based on a small number of bursts, the Cherenkov Telescope Array has the potential to
provide crucial insight in this context by detecting a larger sample of VHE GRBs. In addition, due to the
very poor statistics, the non-observation of high-energy neutrinos cannot constrain the properties of these
bursts efficiently, unless additional VHE GRBs should be detected at distances closer than 15 Mpc when

IceCube-Gen?2 radio will be operational.
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9.1 INTRODUCTION

Gamma-ray bursts (GRBs) are among the most powerful explosions in our Universe [133, 134, 185]. They
exhibit a non-thermal spectrum with typical peak energies in the keV-MeV range [331, 428, 429]. We focus
on long-duration GRBs, which release an isotropic energy in gamma-rays of about 10%°—10% ergs within a
few O(10) s [133, 328]. The pulse of gamma-rays released during the prompt phase is followed by a delayed,
long-lasting emission: the afterglow. Being detected from the radio to the X-ray bands, the afterglow makes
GRBs electromagnetically accessible across all wavebands [e.g., 136].

Afterglow detections at high energy (HE, > 1 GeV) have been reported for more than a decade, e.g. by the
Large Area Telescope (LAT) onboard of the Fermi satellite [166]. In the past few years, such observations
have been complemented by the detection of very high energy (VHE, > 100 GeV) emission from an
increasing number of GRBs, with photons with O(TeV) energy being detected several hours after the
burst trigger [108, 332, 333, 430—432]. Among these puzzling bursts, the recently discovered GRB
221009A represents an extraordinary event, being located close-by (z ~ 0.15), very bright in gamma-rays
(Eyiso 2 3% 10°* ergs) !, and detected with photons up to O(10) TeV by the Large High Altitude Air Shower
Observatory (LHAASO) [433].

The VHE emission associated with the GRB afterglow was theoretically predicted [133, 134, 434-436],
and then observed thanks to ground-based Cherenkov telescopes, such as the High Energy Stereoscopic
System (H.E.S.S.) and the Major Atmospheric Gamma Imaging Cherenkov (MAGIC). The detection rate of
GRB photons with energies = O(TeV) is expected to further improve with LHAASO [433] and the upcoming
Cherenkov Telescope Array (CTA) [171]; hence, it is timely to investigate under which conditions VHE
emission should be expected.

Up to HE, the multi-wavelength emission of the GRB afterglow is broadly considered to be generated by the
synchrotron radiation produced by the electrons accelerated at the external shock as the latter expands in the
circumburst medium (CBM) [136—138, 334, 383]. Yet, this standard afterglow picture cannot accommodate
the production of TeV photons, unless electrons are accelerated above the synchrotron cut-off energy—see,

e.g., [108].

1 We use three different reference frames throughout this paper: the observer frame, the central engine frame, and the blastwave comoving

frame. In each of these frames, quantities are denoted with X, X, X, respectively.
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A possibility proposed to explain the VHE emission is the synchrotron self-Compton (SSC) scenario,
according to which synchrotron photons inverse-Compton scatter the electrons that produced them [109, 226,
387, 437-443]. Alternatively, the acceleration of baryons together with electrons at the external shock can

be considered. In this case, the mechanism responsible for the VHE emission may be proton synchrotron

radiation or the decay of secondaries produced in photo-pion and photo-pair processes [e.g., 444-448].

Photohadronic processes have also been invoked for modeling the VHE emission [e.g., 449, 450].

While the number of GRBs detected in the VHE regime in the afterglow increases, our understanding
of the physics underlying these bursts remains superficial. Do GRBs with VHE emission share common
properties? Can we use VHE observations to infer properties of the CBM? In this paper, we intend to infer
the characteristic features of GRBs exhibiting VHE emission and explore whether these bursts occur in
environments with similar properties, possibly different from the ones expected from typical Wolf-Rayet
stars observed in our Galaxy [e.g. 451, 452].

This paper is organized as follows. Section 9.2 presents an outline of the properties of the bursts detected
in the VHE regime. In Sec. 9.3, we review the afterglow model, the blastwave dynamics and the related
synchrotron radiation. We present constraints on the GRB energetics and the initial Lorentz factor in
Sec. 9.4, while constraints on the non-observation of neutrinos from these bursts are presented in Sec. 9.5. A
discussion on our findings is reported in Sec. 9.6, before concluding in Sec. 9.7. The modeling of the photon
energy distribution is summarized in Appendix C.1, while the physics of hadronic interactions is outlined in
Appendix C.2. Appendix C.3 provides additional insight on the properties of the CBM for our VHE GRB

sample in comparison with GRBs without VHE emission.

9.2 SAMPLE OF GAMMA-RAY BURSTS OBSERVED AT VERY HIGH ENERGIES

The GRBs detected with VHE emission can be broadly grouped in two classes based on the isotropic
energy emitted in gamma-rays during the prompt phase: GRBs with intermediate to low isotropic energy
[E,is0 < 10 erg, i.e. GRB 201015A [431] and GRB 190829A [108]] and energetic events with isotropic
energy larger than typically observed (E%iso > 10 erg). We limit our analysis to the latter group.

The class of bursts detected in the VHE regime and with large E, i5, is populated by:
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Table 3: Properties of the sample of VHE GRBs considered in this work. For each GRB we list the redshift (z), the inferred emitted isotropic energy of the
prompt phase in the source frame (E%,- so)s the duration of the prompt emission (Tg), the time of detection of the VHE photon (7y vuEg), the
electron spectral index (k. ) and the CBM type (wind or ISM). The following references are quoted in the table: [1] [460], [2] [453], [3] [333],

[4][332], [5] [430], [6] [461], [7] [332], [8] [462], [9] [433], [10] [457], [11] [463], [12] [464].

Event Redshift Ew-w erg] Too [s] Tvug [days] ke CBM  References

GRB 180720B  0.653 6x 103 49 0.5 24 ISM [1,2,3]

GRB 190114C 04245 2.5x10° 25 6x1073 22245 ISM [4,5,6,7,8]

GRB 221009A  0.151 3x10°* 300 0.3 2.5 Wind [9, 10, 11, 12]

- GRB 180720B detected with Ey,iso ~6x10%3 erg [453]. The H.E.S.S. Collaboration reported the
observation of photons with energy between 0.11 TeV and 0.44 TeV at about ~ 10 hours after the

trigger [333].

- GRB 190114C, whose isotropic energy is estimated to be E%iso ~ 2.5 % 1073 [454]. MAGIC observed
0.3-1 TeV photons [332, 430] from this burst, starting approximately one minute after its trigger. From
Fig. 3 of [430], we infer that a large number of photons of energy up to 1 TeV is still observed at late

times, around 520 s, when the emission can be associated with the afterglow.

- GRB 221009A observed with isotropic energy E, o = 3 x 103 erg [318, 455, 456]. This is an
interesting burst with photons with energy up to 18 TeV reported by LHAASO within 2000 s post GBM
trigger [433, 457]. The distribution in energy and time of the VHE photons is not yet available,while
upper limits on the VHE flux at very late times have been published by H.E.S.S. [458]. On the contrary,
the photon with energy =~ 0.4 TeV detected 0.4 days after the trigger of the burst by Fermi-LAT can be

safely associated with the afterglow emission [457].

Note that VHE emission has been observed from GRB 201216C as well, whose prompt isotropic energy is
E%iso ~47%1073 erg [459]. Since the published data is sparse to date [432], we do not consider this GRB
in our analysis. The properties of the sample of GRBs that we consider throughout this paper are summarized

in Table 3.
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9.3 AFTERGLOW MODEL

In this section, we review the dynamics of the GRB blastwave as it propagates in the CBM. We also introduce

the synchrotron spectrum invoked to model the standard afterglow emission.

9.3.1 Blastwave dynamics

Throughout the prompt phase, the Lorentz factor of GRB outflows is I" > 100 [324]. During the afterglow,
rt<e i, being @ the jet half-opening angle. Therefore, it is safe to model the afterglow radiation
through isotropic equivalent quantities [133]. We introduce the kinetic isotropic energy of the blastwave,
E kiso = Ei — E%iso, corresponding to the energy left in the outflow after the isotropic energy E%iso has
been released in gamma-rays during the prompt emission.

In the standard picture, the onset of the afterglow coincides with the beginning of the blastwave deceleration,
occurring as the mass swept-up from the CBM becomes comparable to the initial mass of the outflow [e.g.,
107, and references therein]. The CBM is assumed to have particle density profiles scaling as n o« R,
where R is the distance from the central engine. Two asymptotic scenarios are usually considered in the
literature [451]: k = 0, corresponding to a constant density interstellar medium (hereafter named ISM), and
k = 2, corresponding to a wind-like CBM (hereafter dubbed wind).

As the blastwave expands, it interacts with the cold CBM. Two shocks form: the forward shock, which
propagates in the cold CBM, and the reverse shock, propagating in the relativistic jet, in mass coordinates. We
focus on the self-similar phase, starting when the reverse shock has crossed the ejecta and the electromagnetic
emission is mainly due to the forward shock. In this phase, the blastwave dynamics is well described by the
Blandford-McKee (BM) solution [382].

The deceleration time of the blastwave depends on the particle density profile of the CBM. Assuming that

the outflow is launched with initial Lorentz factor I’y in the ISM scenario [107, 382]:

1/3

3Eri(1+2)°
k,1so( +Z) ’ 9.1)

Thec,1sM =
64nnom 3 Fg

where n = ng is the ISM density, z is the redshift of the source, c¢ is the speed of light, and m, is the

proton mass. As for the wind scenario, the number density of the CBM is parametrized as n = AR™2.
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Here, A = Mw/(47rvwm,,) =3.02x 10 A, cm™!, where A, = M_s/vg is given for the typical mass loss

rate M_s = M /(107 My yr~!) and wind velocity vg = v,, /(108 cm s~!) of Wolf-Rayet stars [372, 385].

According to this [384]:

_ Ek,iso(] + Z)
Taec,wind = W . 9.2)
After the deceleration starts, the Lorentz factor of the blastwave decreases with time [382-384]:
T 3/8
I'sm =T (—deZISM) , 9.3)
t
Tiecwind 1/4
Twind = To (4—;V) : 94)
for the ISM and wind scenarios, respectively.
Finally, the radius of the blastwave evolves as [372]:
(Tte
== 9.5
(1+2) ©-5)

where I" decreases with time according to Egs. 9.3 or 9.4, and we recall that the time ¢ is measured in the
observer frame. The parameter { depends on the hydrodynamics of the blastwave. It is usually assumed to
be constant, but its value is very uncertain [e.g., 372, 383, 387, 465, 466]; throughout this work, we adopt
{=8[372].

We assume the uniform shell approximation of the BM solution. This is a fair assumption, since we are not
interested in the hydrodynamics of the blastwave. Furthermore, the particle density of the BM shell quickly
drops outside the region of width o« R/T"? behind the forward shock. Hence, particle emission from outside

this region is negligible.

9.3.2 Synchrotron spectrum

As the fireball expands in the cold CBM, the forward shock at its interface converts the kinetic energy of the

blastwave into internal energy, whose density is given by [382]
w' =4myc*nl (T-1) , (9.6)

where n = ng for the ISM scenario and n = AR~ in the wind scenario. Equation 9.6 directly follows from

the shock-jump conditions at the forward shock.
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A fraction g of the internal energy density in Eq. 9.6 is stored in the magnetic field, whose comoving

strength is

B = \/327rmpc2n83F(F -1). 9.7

The forward shock driven by the ejecta into the CBM is collisionless, meaning that it is mediated by
collective plasma instabilities rather than collisions [287]. Hence, it can accelerate particles through the
Fermi mechanism [139, 370, 388]. In particular, we assume that electrons are accelerated to a power-law
distribution N(y,) o v, ke where k. is the electron spectral index. The resulting non-thermal population of
accelerated electrons is assumed to carry a fraction &, of the energy density (Eq. 9.6).

Three characteristic Lorentz factors define the distribution of shock-accelerated electrons: the minimum

’

(Y], i) the cooling (y!

€,c00!

l), and the maximum (yé’max) ones. These are given by [134, 384, 389]:

’ €e mP (ke - 2)
o= = £ (-1, 9.8
Yemn = me (ke .
, 6mmec (1+72)
'Ye,cool = O’TBe’z T > (99)
, 6me \'/?
Ye,max = ( O'TB'(,O ) 5 (9 10)

where o is the Thompson cross section, &, is the fraction of accelerated electrons, e = Vahic is the electron
charge, with @ = 1/137 being the fine-structure constant, and 7 the reduced Planck constant. Finally, ¢

is the number of gyroradii required to accelerate particles [390]. The maximum Lorentz factor y; .

’

! ool = OTMeC/ (ory,B’?) and the acceleration time

is obtained by equating the electron cooling time ¢
thee = 20Y,mec? g/ (ecB').

The synchrotron break frequencies in Eqs. 9.8-9.10 should take into account SSC losses of electrons,
usually modeled through a correction factor depending on the Comptonization parameter Y [for more details,
see e.g. 109]. For all considered GRBs, observations show that the flux normalizations in the X-ray and
VHE bands are comparable, hinting that synchrotron and SSC processes equally contribute to the cooling of
electrons at the time of VHE emission. Since the Y parameter decreases with time [109], and our analysis
mainly considers epochs ¢ > Tygg, we can safely neglect SSC corrections in Egs. 9.8-9.10; see Sec. 9.4.1.

The characteristic Lorentz factors of electrons introduce three energy breaks in the observed spectrum of

synchrotron photons, namely E, min, Ey cool and Ey max, defined as [383]:

3 B r
E Eh - 2. .12 ,
Y Vy ZBQmeC Ye (1+Z)

©.11)

where Bp = 4.41 x 1013 G.
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The synchrotron self-absorption (SSA) Lorentz factor should be included for a complete treatment of
synchrotron radiation. The corresponding break frequency is expected in the radio band [107]. However,
detailed knowledge on the thermal electron distribution and on the structure of the emitting shell is needed to
account for the SSA process [391]. We neglect this characteristic Lorentz factor and corresponding break
frequency and discuss how this choice affects our findings in Sec. 9.4.2.

Electrons can be in two distinct radiative regimes: the “fast cooling regime” (if v min > Vy cool) OF the
“slow cooling regime” (for vy min < Vy.cool)- In the former case, all the electrons efficiently cool down via
synchrotron to the cooling Lorentz factor y,. ¢,01- In the latter case, synchrotron cooling is inefficient and it
takes place for electrons with v, > ¥, cool ONly.

In the fast cooling regime, the synchrotron photon energy density [in units of GeV~! em™3]is [383]:

W

E/ -
Y ’ ’
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On the other hand, in the slow cooling regime, the synchrotron photon energy density is:
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The normalization constant is given by [226, 383]
Ll
Al = y.max , 9.14
Y 4aR%c min(E’ . ,E’ ) ©.14)
y,min” "~ y,cool
where L), . = NePhax(¥2)/E%, is the comoving specific luminosity [in units of s~']. The total number

of radiating electrons in the blastwave is N, = 47noé,R>/3 in the ISM scenario, while it is given by
N, = 4nAé.R in the wind scenario. Finally, the synchrotron power radiated by the electrons with Lorentz
factor v, = min(y, s ¥ coor) 18 Pruax (Ye) = corB’ 2y, 2/ (67).

Given the photon energy density in Egs. 9.12 and 9.13, the photon synchrotron spectrum observed at Earth

is [in units of GeV cm~2 s~ ! Hz™!]:

PP (Eyi2) =

2 V(1
(1+2) ,Sym(Ey(HZ))L y(1+2) 9.15)

4rdy (z)? My r v, tI'
where V), = 47 R3 /8T is the comoving emitting volume of the blastwave and d; (z) is the luminosity distance

of the source at redshift z. We assume a flat ACDM cosmology with Hy = 67.4 km s~! Mpc™!, Qp; = 0.315,
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and Qp = 0.685 [277]. The modeling of the (V)HE spectrum complementing the synchrotron one is described

in Appendix C.1.

9.4 CONSTRAINTS ON THE ENERGETICS AND INITIAL LORENTZ FACTOR

In this section, we present constraints on the blastwave energy and the surrounding CBM properties by
exploiting the observed radio, optical and X-ray fluxes, and the opacity to y—y pair production. By combining
the observation of VHE photons with the duration of the prompt emission, we also infer upper and lower
limits on the initial Lorentz factor Ij. We stress that we rely on the standard afterglow model outlined in
Sec. 9.3. Hence, our constraints hold within this framework only.

Among the GRBs listed in Table 3, we select GRB 221009A and GRB 190114C to carry out our analysis.
These GRBs are the closest ones and we consider them as representative of our sample in terms of energetics,
see Sec. 9.2 and Table 3. Furthermore, they are good examples of the main models invoked to explain
the VHE emission: SSC for GRB 221009A [467] and proton synchrotron for GRB 190114C [448]. The
parameters listed in Table 3 are fixed in our analysis, while we consider E k.iso» 1, ¢, and €p as free parameters

in the model.

9.4.1 Multi-wavelength observations

As discussed in Sec. 9.3, the dynamics of the blastwave is independent of the initial Lorentz factor I'y, and it
is completely determined by the isotropic kinetic energy Ey is, and the CBM density n. Hence, by requiring
that Eq. 9.15 matches the fluxes observed across different wavebands, we can constrain the allowed E k.iso and
n.

For GRB 221009A and GRB 190114C, the radio, optical and X-ray fluxes are extracted at the observation
time T,,s Where the data in the three wavebands are available. Ti,s considered for each burst and the
corresponding observed fluxes are listed in Table 4. Multi-wavelength light-curves and tables of data
are provided in [462] for GRB 190114C and in [467] for GRB 221009A; see also references therein for

observations with different instruments. The X-ray fluxes are obtained from the [468].
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Table 4: Multi-wavelength fluxes used in our analysis for the bursts listed in Table 3. For each GRB, we list the considered observation time (7o), as well
as the correspondent radio flux (Fgﬁz 4)» optical flux (F"fgsp[), and X-ray flux (F“,’gi); each at its corresponding frequency or bands, as specified in

parenthesis. The following references are quoted in the table: [1] [469], [2] [470], [3] [468], [4] [462], [5] [467], [6] [471]; see also references

therein for the extrapolated fluxes.

Burst Tobs [days] Fo% 13yl Fo 3yl FO% [Jy] References
GRB 180720B 2 1073 (15.5 GHz) 4% 1075 (R-band)  1.24x 1077 (10keV) [1,2,3]

GRB 190114C 1.424 1.930x 1073 (5.5GHz) 3.9x 1073 (R-band) 5.98x 1078 (10keV) [3,4]

GRB 221009A 2.3 9% 1073 (6GHz)  2.016x 1073 (R— band) 2.19x 107 (10keV) [3, 5, 6]

We assume that the evolution of the emitting blast-wave is adiabatic, and that the micro-physical parameters
of the emission are constant with time. Note that a different choice of T, would lead to the same order of
magnitude estimation that we present here for £ k.iso and n. For convenience, we carry our analysis out at T
when radio, optical and X-ray data are simultaneously available for each GRB; see Table 4.

The left panels of Fig. 46 display the pairs of (E} 5o, 7) for which Eq. 9.15 reproduces the fluxes observed
in the radio, optical and X-ray bands, respectively, for GRB 190114C (top and middle panels) and GRB
221009A (bottom panel). For GRB 190114C we calculate the theoretical synchrotron flux for two values

of the electron spectral index: k. = 2.2 (top panels), which is obtained by inspecting the spectral energy

distribution [448], and k., = 2.45 (middle panels), which instead reproduces the slope of the lightcurve [462].

For GRB 221009A, we only consider k. = 2.6 [467]; see Table 3. In all cases, we fix £, = 1 throughout our
analysis. The line colors in the left panels of Fig. 46 correspond to different values of €, which we vary in
the range 1075-10"!. For each &5 we select a value of ¢, that allows for solutions, namely €, = 0.1 (stars)
and &, = 0.5 (diamonds) for GRB 190114C and GRB 221009A, respectively. The intersection among the
three lines in each of the left panels of Fig. 46, marked by a star (diamond), corresponds to the values of
E} iso and n which simultaneously reproduce the observed flux across the three wavebands for given pairs of
(e, €B).

The choice &, = 1 naturally excludes the proton synchrotron process for the modeling of the VHE emission,
whereas it is consistent with the SSC scenario. The latter also requires €, > &g, with typical parameters
being &, ~ O(107") and e < O(1072) [e.g., 109]; the relation between &, and & is inverted in the proton

synchroton scenario, that is to say €, < ep [e.g. 446, 448]. Our assumptions are thus consistent with the
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Figure 46:
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Isotropic kinetic energy Ej iso and density ng [ A/(3 x 103)] compatible with the radio, optical and X-ray fluxes for GRB 190114C (top and
middle panels) and GRB 221009A (bottom panels). Left panels: (Ek,iso, n) pairs for which the computed synchrotron flux (Eq. 9.15) matches
the observed one in the radio (dashed lines), optical (dotted-dashed lines) and X-ray (continuous lines), as listed in Table 4. For each burst, the
line colors are defined by the value of £ € [107,107!] (see colorbar). For GRB 190114C, we fix &, = 0.1 and k, = 2.2 in the top panels,
while k., = 2.45 in the middle panels. For GRB 221009A, &, = 0.5 and k. = 2.6; see main text for details. The intersection among the lines
for each value of &p is marked by a star (g, = 0.1) or a diamond (&, = 0.5). Results are shown for the value of &, which guarantees solutions
for £p in the considered range. Right panels: Same as the left panels, but highlighting the pairs of (Ej jso,7) that simultaneously match
radio, optical and X-ray data both for &, = 0.1 (stars) and &, = 0.5 (diamonds). The shadowed gray region is excluded from the transparency
argument, i.e. 7y, > 1 at Tyyg (Table 3). The dashed blue line marks the value of Ey,iso for both bursts. Combining the transparency
argument, the typical prompt emission efficiencies, and multi-wavelengths data, the preferred region of the parameter space for GRB 190114C
[GRB 221009A] is the one with 2.5 x 103 < Ep i < 10° erg [3 x 10°* < Ep o < 5% 10% ergland 6 x 107* < np 52 x 1072 cm™3
[7x1073 < A/(3x 10%) < 107" cm™!]. Note that the upper limit set for the kinetic energy is implied by the requirement that £ cannot be
too small in collisionless shocks. The letters mark the selected (Ek,iso’ n) pairs for which the corresponding initial Lorentz factor Iy is reported

in Table 5.
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SSC interpretation of the VHE emission. We discuss how this may affect our results in the following; see
Sec. 9.4.2 and Sec. 9.6.

Note that we neglect any uncertainty on the observed fluxes and the microphysical parameters for simplicity,
and the lines in the left panels of Fig. 46 are obtained by considering nominal values for the involved
quantities. Furthermore, we rely on two approximations. First, we do not consider the exact hydrodynamics
of the blastwave and adopt the uniform BM shell dynamics, as outlined in Sec. 9.3. Second, our results
are sensitive to the constant ¢ appearing in the definition of the blastwave radius, i.e. Eq. 9.5. However,
we expect the error introduced by these two approximations to be below a factor of 2. Hence, the results
in Fig. 46, although approximated, provide good insights into the features of our VHE GRB sample, if the

standard afterglow model is adopted to explain multi-wavelength data.

9.4.2 Blastwave opacity to y—y pair production

The synchrotron model, outlined in Sec. 9.3 and adopted in Sec. 9.4.1, cannot explain the VHE radiation
observed during the afterglow, if the energy cutoff of relativistic electrons is taken into account [108].
Nevertheless, the energy cutoff cannot be neglected, and it is not clear under which conditions electrons can
be accelerated up to PeV energies within the blastwave.

To model the VHE emission, SSC has been invoked [109, 387, 435, 437-442] or mechanisms involving
either proton-synchrotron radiation or the decay of secondaries produced in photo-pion and photo-pair
processes [e.g., 444—448]. Both these scenarios assume that the photons observed with ~ TeV energy are
produced in the same decelerating fireball as the synchrotron ones [382, 383, 472]. Hence, in order to allow
for VHE photons to escape the production region [e.g., 473, 474], the blastwave should be transparent to y—y
pair production for O(TeV) photons for ¢ > Tyyg, Tvye being the detection time of the VHE photon [e.g.,
473, 474].

The blastwave opacity to y—y annihilation is parameterized through the y—y optical depth:

s R
7 (E}, yyp) = O.lo'TE;n;ync(E*)F <1, (9.16)
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where E/, = (2m.c*)?/E’ E

o vuEs £, yug 1s the energy of the detected VHE photon, R/I" is the compactness

of the blastwave, and n},”™ is the energy density of synchrotron photons (see Egs. 9.12 and 9.13) 2. Note that
Eq. 9.16 evaluates the blastwave opacity at the peak of the y—y annihilation cross section [see e.g. 475].
As mentioned in Sec. 9.4.1, the dynamics of the blastwave only depends on its isotropic kinetic energy

E iso and on the CBM density. Therefore, Eq. 9.16 further constrains the (Ey is0,n) pairs allowing VHE

photons to escape from the blastwave, independently on the model adopted for explaining the VHE emission.

The right panels of Fig. 46 show the region of the parameter space that does not fulfill Eq. 9.16 at Tyyg
and for the observed E, vyg, both different for each burst (see Table 3). In addition, a summary of the
constraints obtained by combining the radio, optical and X-ray observations discussed in Sec. 9.4.1 is also
displayed. We stress that we do not aim to fit the multi-wavelength data and we do not include VHE fluxes in
Fig. 46. Rather, we only require that the VHE photon escapes the blastwave at Tyyg, according to Eq. 9.16;
this argument is different than the one adopted in Sec. 9.4.1. As already discussed in Sec. 9.4.1, the choice

Tobs = Tyug would not change the results in Fig. 46. Since the radio data are not available at Tyyg for all the

bursts, we list the observed time when radio, optical and X-ray data are simultaneously available in Table 4.

In Fig. 46, we show results for €, = 0.1 and 0.5, while we verified that smaller values of &, do not allow
to reproduce simultaneously the radio, optical and X-ray fluxes for any value of €p. This might depend
on the fact that we neglect the SSA frequency, which would introduce an additional break in the photon
distribution and shift the radio flux to larger values [391]. However, the considered bursts are expected to be
in the weak-absorption regime at Ty considered in our analysis, cf. Table 4 [470, 476], while to date no
information is available for GRB 221009A. Hence, neglecting the SSA process in the synchrotron spectrum
may be a valid approximation.

Our results depend on &, = 1. Smaller values of this parameter could allow g, < 0.1 and would lead
to larger values of ng or A/(3 x 10°%), typically inferred when the proton synchrotron model is adopted to
explain the VHE emission, see e.g. [448, 477]. Therefore, the results in Fig. 46 are consistent within the SSC
scenario, but no longer hold in the proton synchrotron one, as previously discussed in Sec. 9.4.1. Given the
large number of degeneracies in the afterglow model, we limit our discussion to the case with &, = 1 and

leave a detailed investigation of the dependence of our findings on this assumption to future work.

In principle, the whole photon energy distribution, including the VHE component, should be used. Nevertheless, E, falls between the
optical and X-ray bands for the VHE photons we are interested in. Hence, in order to simplify the calculation, it is safe to consider the

synchrotron component only.
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The transparency argument is particularly powerful for GRB 190114C when the spectral index k, = 2.45
is adopted. In this case, some pairs (Ek,iso, no) which reproduce the flux across different wavebands are
excluded by the requirement that the VHE photons do not undergo y—y pair-production at ¢ < Tyyg.

The allowed parameter space can be further constrained by considering the radiative efficiency of the prompt
phase. Despite the latter being a topic of debate and potentially varying depending on the event, we here
adopt a typical efficiency of = 10% [e.g. 478]. Since Ey,im ~2.5x%10%3 erg [E%iso > 3x10% erg] for GRB
190114C [GRB 221009A], we expect the region of the parameter space with 2.5 X 10°% < Ej 50 < 107 erg
[3x10°* < Eriso < 5x10% ergl and 6 x 107* < ng < 2x1072 ecm™3 [7x 1072 < A/(3%x 10%) <
10~" cm™!] to be preferred, as indicated by the dashed blue line in the right panels of Fig. 46.

The inclusion of SSA in our treatment could shift the densities to larger values. However, as already
mentioned, GRB 190114C may be in the weak-absorption regime at the considered time [470, 476]. Our
CBM densities for GRB 190114C are much smaller than the ones inferred in [448], which finds ng ~ O(10-
100) cm™3. This is due to our assumption &, = 1, whereas £, ~ O(1072) is required in [448] in the context
of the proton synchrotron model for the VHE emission.

As for GRB 221009A, our results are consistent with the ones of [467], which obtains A, = 1.2 x 1072
for Exiso = 6.8 x 10°* erg, &, = 0.2 and 3 = 2 x 1073, On the contrary, for GRB 190114C, we obtain
ny < 2x 1072 cm~3, which is a factor O (10) smaller than g = 0.3 cm™ obtained in [479]. This discrepancy
may be due to the fact that [479] does not take into account data in the radio band. As it can be seen in the
left-middle panel of Fig. 46, when only the optical and X-ray fluxes are used, we recover g ~ O(107™!") cm™3,
if we assume E kiso = 6 X 103 erg, g, =0.1 and e = 1074, i.e. for parameters compatible with the ones
adopted in [479]. Thus, more solutions are possible if the radio data are not included in the analysis since the
optical and X-ray data are degenerate for a large part of the (Ey is0, 720) Space.

For GRB 180720B, the compactness argument is not constraining. In fact, a signal in the energy range
Ey vue = 0.11-0.44 TeV has been reported for this GRB at the time considered in Table 3. At such late
times, we expect the blastwave to be already transparent to y—y pair production. Hence, we do not show
plots for this burst. Nevertheless, exploiting the multi-wavelength data, our approach enables us to break
the degeneracies involved in the standard afterglow model and to obtain 6 x 10°% < E kiso S 10> erg and
4% 107 < ng < 107! cm™3. For this burst, our parameters are similar to those inferred in [479], namely

Eriso = 10°* erg and ngp = 0.1 cm™3.
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Additional inputs on E 5, may further restrict the allowed parameter space shown in Fig. 46, when

typical prompt efficiencies are taken into account [478]. Our results hold if the multi-wavelength radiation

observed from this class of bursts is modelled within the standard afterglow framework outlined in Sec. 9.3.

More complex jet geometries [480], time-varying microphysical parameters [462, 481], the assumption of
two-zone models [443] or other more complex models [e.g., 482] would affect our conclusions. Intriguingly,
a low-density wind environment is inferred for GRB 221009A in [482], even though they suggest that the

standard assumptions of the afterglow theory may be violated by this burst.

9.4.3 Initial Lorentz factor

As discussed in Sec. 9.3, the afterglow dynamics is independent of the initial value of the blastwave Lorentz
factor (I'y), if the shell is in the self-similar regime [382, 383]. Therefore, the afterglow onset (i.e., the
deceleration time Tge) can be used to infer I'y. Assuming that the VHE photon detected at Tyyg is associated
with the afterglow, the blastwave should start to decelerate at Tgec < Type. From Egs. 9.1 and 9.2, this

translates in a lower limit (LL) for T'y:

3142 |
k,is Z
T = || - 9.17)
64rnom,c Toug
~ 1/4
LL — Ek,iso(1 + Z) / (9.18)
0,wind 167TAmpC3TVHE ’ ’

for the ISM and wind scenarios, respectively.

Even though there is no significant correlation between the onset of the afterglow T, and the duration
of the prompt emission Ty [483], the assumption of a thin shell—for which the reverse shock is at most
mildly relativistic—implies Tgec = Too. Within this approximation, most of the energy of the ejecta has been

transferred to the blastwave at the onset of deceleration [484]. This condition provides us with upper limits

(UL) on I'y:
3Eio(142° |
k.is Z
Tom — (9.19)
64rnom,c Ty,
~ 1/4
UL — Ek,iso(1 + Z) / (9.20)
0,wind 167 Am ,c3Tog ’ ’

for the ISM and wind scenarios, respectively.
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Table 5: Upper and lower limits on I'g 1sm(wind) Obtained for the points of the parameter space selected through the criteria illustrated in the right panels of

Fig. 46 and marked by a letter therein.

Burst Symbol TGonswing) Torsm(wing)
GRB 190114C (k. =2.2) a 312 961
b 180 555
c 216 665
d 146 450
A 153 472
B 85 262
C 71 218
D 80 246
GRB 190114C (k. = 2.45) a 575 1797
b 337 1054
c 199 622
d 145 454
A 76 237
B 55 170
C 50 156
GRB 221009A a 173 313
A 50 160
B 47 154
C 55 180
D 27 90

FUL

For fixed isotropic kinetic energy and CBM density, I, 0,ISM(wind)

LL . .
0ISM (wind) €20 be obtained by rescaling

by (Tyo/ TVHE)3 /8 if the burst propagates in a constant density medium, or by (Tyg/ TVHE)I/ 4 in the wind
scenario. For each point marked in the right panels of Fig. 46 through a letter, the range of allowed values of
Io,1sM(wing) 18 listed in Table 5.

Our limits complement the estimates obtained from the prompt emission for GRB 221009A [485—-487].
Furthermore, they are in agreement with [488], which obtains I'g = 719 + 59 for GRB 190114C. Note that
the lower limits T’ (I)‘I“N .ng for GRB 221009A are quite small and hence not constraining, due to the large Tvug
(see Table 3). The results in Table 5 and Fig. 46 hint that a very energetic blastwave propagating in a low

density medium implies large I'g. This could be justified by considering that weaker winds extract less
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angular momentum from the GRB progenitors. In this scenario, the core collapse may be driven by faster
rotation, which favors the formation of highly collimated jets, compatible with the large Iy and isotropic
energies in low-density CBMs [484]. Similar conclusions on the high collimation of GRB 221009A have

been reached also in [482].

9.5 CONSTRAINTS FROM THE NON-OBSERVATION OF HIGH-ENERGY NEUTRINOS

Provided that protons are co-accelerated at the forward shock, the GRB afterglow is expected to emit
neutrinos with PeV-EeV energy [138, 226, 233, 371-373]. Neutrinos are predominantly produced through
photo-hadronic (p7y) interactions of the protons accelerated at the external shock and photons produced as
the blastwave decelerates, as summarized in Appendix C.2.

The IceCube Neutrino Observatory detects neutrinos in the TeV-PeV range [375, 416]. Nevertheless, so
far no neutrino detection has been reported in connection to electromagnetic observations of GRBs [140],
with upper limits set on the prompt [141] and the afterglow emission [142, 489]. Yet, upcoming neutrino
facilities, such as IceCube-Gen2 and its radio extension [416], the Radio Neutrino Observatory [176],
the Giant Radio Array for Neutrino Detection (GRAND200k) [17], as well as the spacecraft Probe of
Extreme Multi-Messenger Astrophysics (POEMMA) [376] are expected to improve the detection prospects
of afterglow neutrinos.

The non-observation of neutrinos from GRB 221009A [490] allows to constrain the GRB properties as
well as the mechanism powering the prompt emission [485-487, 491]. We intend to investigate whether
complementary constraints can be obtained through the current non-detection of neutrinos from the afterglow
of VHE GRBs. To this purpose, we model the neutrino signal expected from the afterglow of GRB
190114C, since multi-wavelength interpretations invoking both SSC and proton synchrotron have been
proposed [448, 479]. We focus on the SSC model, since the results outlined in Sec. 9.4.2 are consistent with
this interpretation, and briefly discuss the proton synchrotron case. We expect the correspondent neutrino
signal to be representative for all other GRBs in our sample (Table 3). However, more detections in the VHE
band would allow to make more accurate predictions.

The time-integrated neutrino signal from py interactions is calculated following Sec. 4 of [233], using as

input the total photon distribution (defined in Eq. C.1) and the proton distribution (Eq. C.5). The parameters
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adopted for computing the neutrino signal within the SSC model are summarized in Table 6 , corresponding

to [479] 3. For protons we fix & p = 1—in order to obtain an optimistic estimation of the resulting neutrino

Table 6: Assumed model parameters for GRB 190114C resulting from the multi-wavelength modeling of the photon distribution outlined in [479].

Parameter SSC fit

Episo lerg] 6x10%

no [em™3) 0.3
Iy 300
e 1
&p 1
£e 0.07
&B 4x107°
&p 0.8
@ 10
ke 2.5
kp 22
) -26°

flux—and &, =1 - &, —ep and k;, = 2.2 [85]. As a consequence, the neutrino flux computed in the SSC
scenario represents an upper limit to the actual flux for the considered E k.iso» SINCE NO constraints can be
derived on the fraction of energy going into accelerated protons nor on the fraction of accelerated protons.

The left panel of Fig. 47 shows the time-integrated muon neutrino flux, <I>Vy, from the afterglow GRB
190114C for the SSC model. For comparison, we also show the sensitivity of IceCube to a source located at
the declination § ~ —23° [416, 417]. In order to investigate future detection prospects, we plot the most
optimistic sensitivity of IceCube-Gen2 radio for a source at 6 = 0° [416], the one of RNO-G for a source at
6 =77° [176], as well as the sensitivity of GRAND200k for a source at |§| = 45° [17] and the full-range

time-integrated sensitivity of POEMMA [376]. We consider an error band A®,,, /®,,, = +2, according

Note that we rely on the findings of [479] only in this section, since their work performs a multi-wavelength fit including the VHE
component. Our discussion in Sec. 9.4.1 is independent on [479]. The microphysical parameters obtained in [479] are consistent with
ours, while the density ng is a factor O (10) larger than the one obtained in Sec. 9.4.1 for GRB 190114C. As a consequence, the neutrino

signal presented in this section is an upper limit with respect to the one we would obtain using the results of Sec. 9.4.1.
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Figure 47: Time-integrated muon neutrino flux expected from the afterglow of GRB 190114C. Left panel: Time-integrated muon neutrino flux for the SSC
model (pink shadowed area). This flux represents an upper limit for the real one (for the here considered Ek,iso)v as denoted by the pink arrow.
The error in the flux prediction is assumed to be a factor A®,,, / ®,,, = %2, due to the uncertainties in the analytical prescription of the photon
flux; see main text. For comparison, the sensitivity of IceCube for a source located at the declination § = —23° [416, 417] is shown as well
as the most optimistic ones of IceCube-Gen?2 radio for a source at § = 0° [416], RNO-G for § = 77° [176], GRAND200k for a source at
| 8| = 45° [17], and the full-range time-integrated sensitivity of POEMMA [376]. The neutrino signal lies well below the sensitivity curves of
current and upcoming VHE neutrino telescopes. Even though this result depends on the assumed parameters, we expect these conclusions to
hold for different sets of parameters within current uncertainties. Right panel: Peak of the time-integrated muon neutrino flux (plotted in the left
panel) as a function of the luminosity distance for a bursts with the same properties of GRB 190114C, except for its distance. The arrow for the
SSC model is the same as the left panel. For comparison, we show the same result for the proton synchrotron model (yellow shadowed area), by
relying on the parameters inferred in [448]. We also plot the sensitivity of IceCube-Gen2 radio for the optmistic case of a source located at
& = 0° [416]. Note that since the peak of the time-integrated neutrino flux occurs for E, =~ 107-10% GeV for all the redshifts, we approximate
the sensitivity of IceCube-Gen?2 radio to be constant. In particular, we take the minimum value of the sensitivity to get the most optimistic
prediction. For comparison, the dotted grey line indicates GRB 190114C. The peak of the time-integrated neutrino flux becomes comparable to
the sensitivity of IceCube-Gen?2 radio for dy, < 5 Mpc (dr. < 15 Mpc) for the SSC model parameters (proton synchrotron). As expected, at
each distance the neutrino signal in the case of the proton synchrotron model is larger than the SSC one, since the former naturally requires

larger values of ng and Ek,is(,A



9.6 DISCUSSION

to the uncertainties intrinsic to the analytical model, as discussed in Sec. 9.4.2. The main uncertainties
come from the choice of parameters listed in Table 6. Nevertheless, the neutrino signal lies well below the
sensitivity curves also for optimistic values of &, and eg—see also [233]. These findings imply that the
non-detection of neutrinos from the afterglow of GRBs with VHE emission is expected and does not allow to
further constrain the properties of the bursts. Conversely, detection of VHE neutrinos in coincidence with
VHE GRB afterglows would be challenging to explain in the context of the standard afterglow model.

The right panel of Fig. 47 shows the peak of the time-integrated neutrino flux (plotted in the left panel)
as a function of the luminosity distance, assuming a burst with properties identical to the ones of GRB
190114C. For comparison, we also show the peak of the time-integrated neutrino flux when the proton
synchrotron model is assumed. We rely on the parameters inferred in [448]. We warn the reader that they
are not comparable with the ones obtained in Sec. 9.4.1 due to our assumption &, = 1 and the requirement
¢, < 1 for a proton synchrotron model. Hence, the main goal of the right panel of Fig. 47 is to assess
whether the neutrino detection perspectives from VHE bursts depend on the selected model for the VHE
emission. Since the proton synchrotron model naturally requires larger values of ng and Ey iso, the resulting
neutrino flux is larger than in the SSC scenario.

Comparing the peak of the neutrino flux to the sensitivity of IceCube-Gen?2 radio [416], which is expected
to be the most competitive facility (see left panel), we obtain that the peak of the neutrino flux becomes
comparable to the sensitivity of IceCube-Gen2 radio for d;, < 5 Mpc (dr < 15 Mpc) for the SSC model
parameters (proton synchrotron). Such distances are too small, considering the distribution of long GRBs as

a function of the redshift [282]. Therefore, we conclude that the detection of neutrinos from GRB afterglows

displaying VHE emission is not a promising tool to infer GRB properties within a multi-messenger framework.

Our conclusions are consistent with the ones of [448] for GRB 190114C, which finds that the photo-hadronic

interaction rate accounts for inefficient energy extraction.

9.6 DISCUSSION

Our constraints on the VHE GRB properties are summarized in Table 7 for our benchmark bursts, GRB

180720B, GRB 190114C and GRB 221009A (see also Fig. 46). While our sample is small, such findings
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Table 7: Summary of the model parameter constraints derived in this work from the afterglow of GRB 180720B, GRB 190114C and GRB 221009A (see

also Fig. 46). The range preferred for the kinetic isotropic energy (E} iso), the CBM density (19 [A/(3 x 1033)]), and the initial Lorentz factor

(To.1sM (wind) ) s reported.

GRB Eyiso [erg] ngor A/(3x10%) T 1sMm(wind)

GRB 180720B  6x 10°3-10°° 4%1079-10""em™  80-1276

GRB 190114C 2.5%x10%-10% 3x1079-2x10"2cm™>  50-1797

GRB 221009A 3 x10%-5% 10 7x1073-10"! cm™! <313

raise questions on the nature of the progenitors and the sites hosting VHE bursts, if microphysical parameters
compatible with the SSC scenario are assumed.

The initial Lorentz factor of our VHE bursts falls within the average expected for GRBs, see Sec. 9.4.3 and
e.g. Secs. 5 and 6 of [483]. With the caveat that we have observed VHE emission for a few bursts only, our
results seem to suggest that these VHE GRBs exhibit isotropic kinetic energy towards the higher tail of the
distribution expected for GRBs, see e.g. Fig. 19 of [428]. This result might be biased by the sensitivity of
existing telescopes, as well as the viewing angle. In the future, CTA may detect fainter bursts in the VHE
regime, providing better insight on the population features and the fraction of GRBs with VHE emission.

As discussed in Sec. 9.4, VHE GRBs might preferentially occur in a low-density CBM—independently on the

microphysics of the shock, the compactness argument requires that 7o < 1 cm™3 and A/(3x 10%) < 1cm™!.

If microphysical parameters typical of SSC radiation are adopted [e.g., 492], even more stringent constraints
are obtained. Intriguingly, we reach similar conclusions following the method outlined in [493] that relies on
the simplifying assumption that all the bursts can be modelled with the same set of microphysical parameters
and have a prompt emission efficiency =~ 50%. Following [493], we find that the VHE GRBs cluster in the
low-density region of the parameter space [19(A/(3 x 10%)) < 107! cm™3 (cm™!)]. On the contrary, the
bursts not displaying VHE emission analyzed in [493] are uniformly distributed in the (Ey iso, ) space; we
refer the interested reader to Appendix C.3 for additional details.

A CBM with low density is usually favored by the synchrotron closure relations [e.g. 494], that are found
not to be fullfilled for all bursts; hence our findings might be affected by the simplifications intrinsic to these

relations. Yet, these results are in agreement with the expectation that low-density environments favor a
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transparent blastwave in the afterglow. Furthermore, larger densities may reprocess the VHE photons and emit
electromagnetic radiation in other wavelengths. In addition, low density CBMs have been associated to long
GRBs [e.g. 493, 495]. For example, a wind with A, ~ 4 X 1073 has been inferred for GRB 130427A [377],
as a result of a multi-wavelength fit of the GRB lightcurve. [377] suggests that the weak wind could be a
consequence of the GRB progenitor being hosted in a superbubble [496, 497]. Similarly, [484] finds that

the winds of some GRB progenitors are weaker than the ones observed for Wolf-Rayet stars in our Galaxy

(Ax =~ 1). This might be linked to the low metallicity of the progenitors [498] and their host galaxies [e.g.

499], which is anyway still under debate [e.g. 500]. Low CBM densities may also be caused by reduced
mass-loss rate at the time of the stellar collapse [484]. Recently, [501] studied bursts with a plateau phase in
their afterglow. In order to explain this feature, a small wind density consistent with our findings and a small
outflow Lorentz factor are required, the latter implying a lack of VHE (and even HE) emission for those
bursts, which [501] argues is the case.

Our results hold within the assumption that the multi-wavelength radiation is generated by the decelerating
blastwave, whose dynamics is outlined in Sec. 9.3. Such conclusions may substantially change if more
complex jet geometries [480], time-varying microphysical parameters [481] or two-zone models [443] should
be invoked, as in the case of GRB 190114C [462]. Furthermore, low-density CBMs are obtained for &, = 1,
whereas smaller fractions of accelerated electrons naturally lead to larger densities [e.g. 448]. Thus, if a
dense CBM should be inferred, e.g. via the SSA frequency in the radio band, it may hint towards a proton

synchrotron model. In this sense, determining the CBM density can provide constraints on the mechanism

powering the VHE emission. Our results are based on the SSC scenarios, rather than proton synchrotron ones.

Since the value of &, is largely uncertain, an analysis of the dependence of our conclusions on this parameter
is left to future work. Additional input on these parameters may also come from numerical simulations of
particle acceleration at the external shock.

Future observations of GRBs in the VHE regime with CTA [171] will be crucial to pinpoint the mechanism
powering the VHE emission during the afterglow. However, CTA might have better detection prospects for
large CBM surrounding these bursts, as suggested in [502]. The latter assumes a SSC origin of the VHE
emission, although neglecting the cutoff introduced by y—y pair production. The SSC efficiency largely
depends on the Compton parameter, which is maximized for large blastwave energies and CBM densities. As

a consequence, [502] obtains CBM densities larger than the ones we infer, since the transparency argument
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alone is sufficient to limit ng < 1 cm™3 [A/(3 x 10%) < 1 cm™']. We stress that the relation used for the
opacity argument (Eq. 9.16) is approximate; therefore, detailed modeling of the energy cutoff and fit to the
spectral energy distributions are required to draw robust conclusions from a larger burst sample. Yet, we do

not expect the constraint n < 1 cm™! to change drastically.

9.7 CONCLUSIONS

While the number of GRBs detected in the VHE regime during the afterglow will increase in the near future

with the advent of CTA, our understanding of the mechanism powering the VHE emission is very preliminary.

The standard synchrotron model, which well explains the afterglow data from the radio to the X-ray bands,
cannot account for the emission of O(TeV) photons detected at late times.

In this paper, we focus on GRB 180720B, GRB 190114C and GRB 221009A, with the goal to infer the
properties of the blastwave and the burst environment. By requiring that the plasma in the blastwave shell is
transparent to y—y pair production at the time of the observation of the VHE photons, we obtain that the CBM
density should be 7y < 1 cm? [A/(3 x 10°°) cm™!]. A tentative interpretation of the radio, optical and X-ray
data hints towards even lower CBM densities, with np < O(10™1) ecm™3 [4/(3 x 10%) < 0(10~1) em™!], if
the microphysical parameters of the shock are taken to be consistent with SSC mechanism. Furthermore, we
obtain constraints on the initial Lorentz factor of the blastwave by requiring that the deceleration of the fireball
starts before the observation of VHE photons and after the GRB prompt emission, finding 10? < T’y < 10°.
While the initial Lorenz factors are within average in the context of long GRBs, we find that (assuming a
typical prompt-phase efficiency of 10%) the kinetic blastwave energy is large, Ey iso = XO(10%%) erg (see
also Table 7). Albeit such large energies could be due to an observational bias towards detection efficiency.
Whether these conclusions are generally valid for VHE GRBs will be confirmed by future CTA observations.

Finally, we investigate the neutrino signal expected from the afterglow of VHE GRBs, focusing on GRB
190114C as representative burst. The non-observation of high-energy neutrinos from VHE GRBs is consistent
with our theoretical predictions. The detection prospects for high-energy neutrinos from VHE GRBs with
upcoming neutrino telescopes are equally poor, except for bursts closer than 15 Mpc. This suggests that
neutrinos from the GRB afterglow may not be promising messengers to unveil the properties of the VHE

emitting bursts.
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Our findings hint at arising trends characterizing the properties of VHE GRBs, if the afterglow of these
bursts can be modelled within the standard scenario. Additional data on bursts exhibiting VHE emission will
shed light on the engine powering such transients and provide valuable insight on the characteristics of their

host environments.

9.8 CRITICAL OUTLOOK

In this section, we critically scrutinize our research from a state-of-the-art standpoint and we provide an
overview of our main findings. We also discuss future directions to improve our analysis. Notably, similar

topics have been addressed in Sec.9.6 of the published paper.

9.8.1 Overview and main findings

In Chapter 8, we already pointed out that our understanding of the GRB afterglow has been undermined by
the observation of several features that cannot be accommodated within the standard picture introduced in

Sec. 9.3. Among these features, the observation of VHE emission (i.e., photons with energies > 100 GeV) at

late times and deep in the GRB afterglow was certainly one of the most exciting and yet puzzling discovery.

Several processes have been invoked to model the VHE component of the afterglow spectrum, including SSC
scattering of accelerated electrons on the afterglow synchrotron photons or synchrotron radiation from a
population of accelerated protons. Yet it remains largely uncertain whether the bursts observed in the VHE
regime possess distinctive properties. In particular, do they occur in similar CBM and do they share common

properties? These open questions serve as motivation for our work. Our findings may have important

implications on the environment where GRBs with VHE afterglow emission occur and on their progenitors.

In the hypothesis where VHE radiation is produced by the same blastwave responsible for the emission at
lower energies, VHE photons must be able to escape the blastwave at the time of observation. We translate

this argument in the constraint on the blastwave compactness

, R
Ty (B} yyp) = 0.1(TTE;n;ym(E;)F <1, (9.21)
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where E;’VHE is the detected energy of the VHE photon, E/, = (2m.c?)?/ E;’VHE, n;sync is the energy density
of synchrotron photons and R/I" is the blastwave compactness.

Among the sample of GRBs detected with VHE emission, we focus on the ones displaying large isotropic
energy. Thus, for each burst, we infer the doublets of blastwave isotropic kinetic energy Ey 5o and CBM
density n that simultaneously reproduce observed data in the radio, optical and X-ray, while also fulfilling
the compactness argument in Eq. 9.21. We assume that the afterglow spectrum spanning from the radio to
the X-ray wavebands is shaped through standard synchrotron radiation. While we do not model explicitly
the VHE part of the lightcurve, we carry out our analysis by assuming microphysical parameters which are
consistent with SSC radiation.

Intriguingly, our findings hint that, if VHE photons are produced through SSC processes by the same
electron population shaping the synchrotron spectrum across radio to X-ray wavelengths, GRBs displaying
VHE emission may occur in low-density environments, with ng < O(10™") cm™3 or A, < O(107") cm™!
for a constant density and wind-like CBM, respectively. Our results may have important implications for the
nature of this class of GRBs. For instance, small CBM densities may imply progenitors and host galaxies
with low metallicity. Likewise, low-density winds may imply a reduced mass-loss rate of the GRB progenitor
at the time of the stellar collapse.

We also calculate the high-energy neutrino signal expected from GRBs displaying VHE emission. However,

the non-observation of high-energy neutrinos from these bursts does not provide any further constraint on the

(Er.iso» n) parameter space, due to poor statistics. Importantly, our results are consistent with the constraint in

Eq. 9.21, as the production of high-energy neutrinos inherently requires a blastwave with large compactness.

Should the upcoming IceCube-Gen?2 radio detect neutrinos from nearby VHE GRBs, this detection would
enable us to disentangle the proton synchrotron and SSC radiation processes. Therefore, our study highlights
the importance of combining multi-wavelength observations and high-energy neutrino data to shed light on

the VHE afterglow emission.

9.8.2  Future research directions

Our work may provide interesting insights on VHE GRBs and their environments. In the following we outline

possible future directions to strengthen our model:
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1. Relaxing the dependence on the microphysical parameters. Our analysis relies on microphysical
parameters valid if the VHE emission is shaped through SSC radiation, in particular we assume that
the fraction of accelerated electrons &, = 1. However, a smaller &, is required in the context of proton
synchrotron radiation, for which we expect larger CBM densities. More general results could be

obtained in two ways:

* The same analysis could be carried out by assuming microphysical parameters which are consistent

with proton synchrotron radiation;

* A more general analysis could be performed by relaxing any constraint on the microphysical

parameters and treating them as free parameters.

Both approaches would enable us to explore a larger part of the parameter space.

2. Including VHE data in the analysis. We explicitly model the VHE part of the afterglow spectrum
through SSC radiation to calculate the corresponding high-energy neutrino signal, whereas the exact
shape of VHE spectrum does not affect our results on the allowed ( £ iso, ) doublets. For our purposes,
it suffices to treat the Klein-Nishina regime as an exponential cut-off in the photon distribution at the
Klein-Nishina energy. In future research, the VHE part of the spectrum and corresponding data may
be incorporated in the analysis. In such cases, proper modeling of the Klein-Nishina regime will be

essential for accuracy.

3. Including the self-absorption frequency in the synchrotron spectrum. We neglect the break introduced
by synchrotron self-absorption processes in the standard afterglow lightcurve. This simplification
aligns with observational data of the considered sample of bursts. However, it is plausible that the
latter is not representative of the whole population of VHE GRBs. Therefore, it is not straightforward
that all the VHE GRBs are in a weak absorption regime. As synchrotron self-absorption strongly

affects the spectrum at radio frequencies, it should be included in the analysis of future VHE GRBs.

We conclude this section by pointing out that the LHAASO data above 10 TeV for GRB 221009A have
been recently made public [503], and analyses including these data may provide new insights on the VHE
component of the spectrum.

In summary, our work hints towards the existence of intriguing patterns in the properties of VHE GRBs,

provided their afterglow from radio to X-ray energies can be modeled within the standard scenario. Therefore,
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we emphasize the importance of observing additional GRBs with VHE emission. The sample of GRBs
analyzed in this work may be biased by the sensitivity of existing telescopes, which restrict our knowledge to
bursts with exceptionally large isotropic kinetic energy. In this context, the upcoming CTA will play a pivotal

role in collecting a larger sample of VHE GRBs, shedding new light on these intriguing bursts.
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MULTI-MESSENGER EMISSION FROM EMERGING CLASSES OF

HIGH-ENERGY TRANSIENTS



NEUTRINO EMISSION FROM LUMINOUS FAST BLUE OPTICAL TRANSIENTS

Based on: Ersilia Guarini, Irene Tamborra, Raffaclla Margutti, Neutrino Emission from Luminous Fast Blue

Optical Transients, Astrophys. J. 935 (2022) 2, 157, arXiv:2205.12282

ABSTRACT Mounting evidence suggests that Luminous Fast Blue Optical Transients (LFBOTSs) are
powered by a compact object, launching an asymmetric and fast outflow responsible for the radiation
observed in the ultraviolet, optical, infrared, radio, and X-ray bands. Proposed scenarios aiming to explain
the electromagnetic emission include an inflated cocoon, surrounding a jet choked in the extended stellar
envelope. In alternative, the observed radiation may arise from the disk formed by the delayed merger of
a black hole with a Wolf-Rayet star. We explore the neutrino production in these scenarios, i.e. internal
shocks in a choked jet and interaction between the outflow and the circumstellar medium (CSM). If observed
on-axis, the choked jet provides the dominant contribution to the neutrino fluence. Intriguingly, the IceCube
upper limit on the neutrino emission inferred from the closest LFBOT, AT2018cow, excludes a region of
the parameter space otherwise allowed by electromagnetic observations. After correcting for the Eddington
bias on the observation of cosmic neutrinos, we conclude that the emission from an on-axis choked jet and
CSM interaction is compatible with the detection of two track-like neutrino events observed by the IceCube
Neutrino Observatory in coincidence with AT2018cow, and otherwise considered to be of atmospheric
origin. While the neutrino emission from LFBOTs does not constitute the bulk of the diffuse background
of neutrinos observed by IceCube, detection prospects of nearby LFBOTs with IceCube and the upcoming
IceCube-Gen?2 are encouraging. Follow-up neutrino searches will be crucial for unravelling the mechanism

powering this emergent transient class.
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10.1 INTRODUCTION

The advent of time-domain astronomy has led to the discovery of intriguing new classes of transients that
evolve on time-scales < 10 days [e.g. 143, 144, 504-506]. Among these, Fast Blue Optical Transients
(FBOTs) [143-146, 296] exhibit unusual features. They have a rise time of a few days in the optical—#js. up
to 3 days, i.e. much faster than typical supernovae (SNe; e.g. [144, 146, 507])—and their spectrum remains
blue and hot throughout the whole evolution.

We focus on the subclass of optically luminous FBOTs (hereafter denoted with LFBOTSs), with absolute
peak magnitude Mpeax < —20 [146, 152, 265]. LFBOTs have a rate in the local Universe < 300 Gpe =3 yr !,
i.e. $0.4—0.6% of core-collapse SNe ([146, 152, 265]). To date, radio emission has been detected for five
FBOTs, all belonging to the LFBOTSs category: CSS161010, AT2018cow, AT2018lug, AT2020xnd, and
AT2020mrf. LFBOTs have been detected in the hard X-ray band as well, though not yet in gamma-rays
(i.e. with energies > 200 keV) [147, 148, 150-152, 265].

The radio signal associated with LFBOTs is consistent with synchrotron radiation in the self-absorption

regime, arising from the forward shock developing when the ejecta interact with the circumstellar medium

(CSM). Broad hydrogen (H) emission features have been observed in the spectra of some LFBOTSs, i.e.

AT2018cow [148, 149] and CSS161010 [152]. Moreover, combined observations in the optical and radio
bands suggest that the fastest component of the outflow is moving with speed 0.1¢ < v¢ < 0.6¢ [147-151].

As for X-rays, the spectrum exhibits a temporal evolution and a high variability that is challenging to
explain by invoking external shock interaction. Rather, the X-ray emission might be powered by a rapidly
evolving compact object (CO), like a magnetar or a black hole, or a deeply embedded shock [147, 148]. In
addition, interaction with the CSM cannot simultaneously explain the ultraviolet, optical, and infrared spectral
features, e.g. the rapid rise of the light curve and its luminosity (Lopt = 10* erg s~1), as well as the receding
photosphere observed for AT2018cow at late times [149] and typically associated with an increase of the
effective temperature. In the light of this growing set of puzzling data, multiple sites might be at the origin of
the observed electromagnetic emission across different wavebands, together with an asymmetric outflow
embedding the CO [148]. An additional piece of evidence of the presence of a CO might be the persistent
ultraviolet source observed at the location of AT2018cow [508]. The presence of a CO may also be supported

by the observation in AT2018cow of high-amplitude quasi periodic oscillations in soft X-rays [509].
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Several interpretations of LFBOT observations have been proposed, such as shock interaction of an
outflow with dense CSM (e.g. [510-513]"); reprocessing of X-rays emitted from a central engine within
a polar outflow (e.g. [148, 149, 514-519]); a neutron star engulfed in the extended envelope of a massive
red supergiant, leading to common envelope evolution and formation of a jetted SN [520] or a related
impostor [521]; emission from the accretion disk originating from the collapse of a massive star into a black
hole [522, 523] or from the electron-capture collapse to a neutron star following the merger of a ONeMg
white dwarf with another white dwarf [524, 525]. Each of the aforementioned scenarios may only reproduce
some of the observed features of LFBOTs.

Recently, two models have been proposed in the attempt of explaining the multi-wavelength emission
of AT2018cow. [153] invoke the collapse of a massive star, possibly not completely H-stripped, which
launches a jet. The jet may be off-axis or choked in the extended stellar envelope and, therefore, not directly
visible; to date, direct associations between jets and LFBOTs are lacking and constraints have been set for
AT2018cow [297]. The jet interacts with the stellar envelope, inflating the cocoon surrounding the jet; the
cocoon expands, breaks out of the star and cools, emitting in the ultraviolet, optical, and infrared. [154]

considers a delayed Wolf-Rayet star—black hole merger following a failed common envelope phase. This

leads to the formation of an asymmetric CSM, dense in the equatorial region, and less dense in the polar one.

The scenarios proposed by [153] and [154] successfully fit the ultraviolet, optical and infrared spectra of
AT2018cow; [154] also provides a fit to the X-ray data of AT2018cow. However, it is yet to be quantitatively
proven that the off-axis jet scenario of [153] is consistent with radio observations; no fit to the radio data is
provided in [154]. It is unclear whether these models could explain the late time hot and luminous ultraviolet
emission (Lyy 2 2.7 x 10°* erg s~!) detected in the proximity of AT2018cow [508]. [154] provides a
possible explanation to this persistent emission as the late time radiation from the accretion disk surrounding
the black hole resulting from the Wolf-Rayet star-black hole merger. Further observations in the direction of
AT2018cow will eventually confirm this conjecture.

In order to unravel the nature of the engine powering LFBOTSs, a multi-messenger approach may provide
a fresh perspective. In particular, the neutrino signal could carry signatures of the mechanisms powering
LFBOTs. Since the first detection of high-energy neutrinos of astrophysical origin by the IceCube Neutrino

Observatory, follow-up searches are ongoing to pinpoint the electromagnetic counterparts associated to

We note, however, that the broad-band X-ray spectrum of AT2018cow is unlike the thermal spectra of interacting SNe, and shows instead

clear non-thermal features.
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the IceCube neutrino events [407, 526-529]. A dozen of neutrino events have been associated in likely
coincidence with blazars, tidal distruption events or superluminous supernovae [49, 59, 65, 405-410]. As for
LFBOTSs, the IceCube Neutrino Observatory reported the detection of two track-like muon neutrino events in
spatial coincidence with AT2018cow in the 3.5 days following the optical detection. These neutrino events
could be statistically compatible with the expected number of atmospheric neutrinos—0.17 events [66].

As the number of LFBOTs detected electromagnetically increases, the related neutrino emission remains
poorly explored. [530] pointed out that, if AT2018cow is powered by a magnetar, particles accelerated in
the magnetar wind may escape the ejecta at ultrahigh energies. Within the models proposed in [153, 154],
additional sites should be taken into account for what concerns neutrino production. For example, if a choked
jet powered by the central CO is harbored within the LFBOT [153], we would not observe any prompt
gamma-ray signal. Nevertheless, efficient proton acceleration could take place leading to the production
of TeV-PeV neutrinos [200, 235, 237, 239, 247, 248, 252, 253, 255, 531, 532]. In addition, [153, 154]
predict fast ejecta propagating in the CSM with velocity v¢ > 0.1c¢. Protons may be accelerated at the shocks
between the ejecta and the CSM leading to neutrino production, similar to what foreseen for SNe [65, 123,
131, 533-539] or trans-relativistic SNe [302, 540], probably powered by a choked jet as it may be the case for
LFBOTs. Neutrinos produced from LFBOTs could be detectable by the IceCube Neutrino Observatory and
the upcoming IceCube-Gen2, aiding to pin down the mechanisms powering LFBOTs [298, 541].

Our work is organized as follows. In Sec. 10.2, we discuss the most promising particle acceleration
sites for the models proposed in [153] and [154] (a choked jet and/or a fast outflow emitted by the CO that
propagates outwards in the CSM). Section 10.3 summarizes the model parameters inferred for AT2018cow
and CSS161010 from electromagnetic observations. Section 10.4 focuses on the production of high-energy
neutrinos. In Section 10.5, we present our findings for the neutrino signal expected at Earth from AT2018cow
and CSS161010 and discuss the corresponding detection prospects. The contribution of LFBOTSs to the
neutrino diffuse background is presented in Sec. 10.6. Finally, we conclude in Sec. 10.7. The most relevant

proton and meson cooling times are outlined in Appendix D.1.
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10.2 PARTICLE ACCELERATION SITES

In this section, we outline the mechanisms proposed in [153] (hereafter named “cocoon model”) and [154]
(hereafter “merger model”) for powering LFBOTS that could also host sites of particle acceleration. First, we
consider a jet launched by the central engine and choked in the extended stellar envelope. Then, we focus on

the interaction between the fast ejecta and the CSM.

10.2.1  Choked jet

[153] propose that LFBOTs arise from the collapse of massive stars that result in the formation of a
central CO, possibly harboring a relativistic jet, as shown in the left panels of Fig. 48. If the jet were
to successfully drill through the stellar envelope, it would break out and give rise to a gamma-ray bright
signal. Nevertheless, no prompt emission has been detected in association with LFBOTs, suggesting that
a successful jet could be disfavored [148, 152]. The non detection of gamma-rays hints that an extended
envelope, probably not fully H-depleted in order to explain the broad emission features observed in some
LFBOT spectra [AT2018cow [148, 149] and CSS161010 [152]], may engulf the stellar core, extending up to
R, =~ 10" c¢m [153]. In this case, the jet could be choked, as displayed in the middle left panel of Fig. 48.
We consider a collapsing star that has not lost its H envelope completely and it is surrounded by an
extended shell of radius Repy =~ 3 X 103 cm and mass Meyy =~ 1072M, [235]. The modeling of the extended
H envelope mass is inspired by partially stripped SNe [e.g. 200, 294, 295]. We fix the value of M.y, to avoid
to deal with several free parameters (see Sec. 10.3) and leave to future work the assessment of the dependence
of the neutrino signal on the mass of the extended envelope. For the extended envelope we consider the

following density profile [200]:

-2
R
, (10.1)
Renv)

Penv(R) = penv,O(
-1
where peny,0 = Meny [ f Ren iR47 R pem,(R)] and R is the distance from the CO. We assume a fixed density

profile for the extended envelope due to the lack of knowledge on its features; further investigations on the

impact of this assumption on the neutrino signal is left to future work. Nevertheless, we expect that neutrino
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Figure 48: Cartoons of the cocoon model (left panels, [153]) and merger model (right panels, [154]), not to scale. For the sake of simplicity, we show only
the upper half section of the FBOT. Top left panel: A massive star collapses, forming a CO (black region). The CO is surrounded by helium (He)
and H envelopes (regions with yellow hues). The progenitor core (Rx ~ 10'! ¢cm) is surrounded by an extended envelope (of radius Repy).
Middle left panel: The jet (green) is launched near the surface of the CO and it is choked in the extended envelope. Internal shocks occur in the
proximity of the jet head (gray), where neutrinos can be produced. Bottom left panel: The jet inflates the cocoon (orange region); the latter
breaks out from the stellar surface and interacts with the CSM (aqua outer region). The fastest component of the cocoon moves with v¢ > 0.1c,
while its slow component (red region; SN ejecta) propagates with v ~ 0.01c¢ in the equatorial direction. While the fast component of the
cocoon propagates into the CSM, collisionless shocks take place (gray line surrounding the cocoon); here, neutrinos may be produced. Even
though the geometry of the cocoon is not perfectly spherical, we assume spherical symmetry for the sake of simplicity in the analytical treatment
of the problem; see main text. Top right panel: As a result of the Wolf-Rayet star-black hole merger, a black hole forms (BH; black), surrounded
by an accretion disk (green region). The equatorial dense CSM (blue region) extends up to = 10'* cm, while the polar (aqua region) CSM
extends up to = 10' cm. Middle right panel: The disk emits a fast outflow (orange region) propagating in the polar direction with v =~ 0.1¢
into the CSM. Here, collisionless shocks (gray line) occur and neutrino production takes place. Bottom right panel: The slow outflow (red shell)
is emitted from the disk in the equatorial direction, and it propagates with vs =~ 0.01¢ into the dense equatorial CSM. Here, radiative shocks take

place (orange line) and neutrino production is negligible with respect to the one from the polar outflow.
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telescopes will not be sensitive to this dependence, see e.g. [532]. The jet is launched near the surface of the
CO 2, with luminosity L j» narrow opening angle 6;.

For fixed 6;, the dynamics of the jet only depends on the isotropic equivalent quantities. Hence, it is
convenient to define the isotropic equivalent luminosity of the jet: Eijs" =L;/ (03 /4). Note that the isotropic
equivalent quantities are always defined in the CO frame; for the sake of clarity we keep the twiddle notation
throughout the paper.

While the jet pierces through the stellar envelope, two shocks develop: a reverse shock, propagating back
to the core of the jet, and a forward shock, propagating into the external envelope. The region between the
two shocks constitutes the jet head. Denoting with I the Lorentz factor of the un-shocked jet plasma (i.e., the

bulk Lorentz factor of the jet) and with I', the one of the jet head, the relative Lorentz factor is [248]:
ret =TT0 (1= BB4) (10.2)

where §=+4/1-1/T?and B, = /1 - I/Fi. For a non relativistic jet head: I', ~ 1, which implies I';¢] = T
this assumption is valid for the region of the parameter space of interest, as discussed in Sec. 10.3.
From the shock jump conditions, the energy density in the shocked envelope region and in the shocked jet

plasma at the position of the jet head R;, = Ry, respectively, are [382, 542]:

(4T% +3)(Th = 1) peny (Rp)c* (10.3)

€sh,env

€ j (4T re1 +3) (Trel = D, (R)m . (10.4)

Here n; = L'¥°/(4nR?m ,c°T?) is the comoving particle density of the un-shocked jet. Equating esnext = esnj

and expanding around I';, for the non-relativistic case, we obtain the speed of the jet head:
I:iso 172
J

(4Fh + 3)7rcpenv(Rh)R%,

V= (10.5)

Since the jet head is non relativistic, its position at the time 7 is R, =~ vjt/(1 +z) = v,f, where z is the
redshift of the source 3. Plugging the last expression in Eq. 10.5 we obtain the position of the jet head at the

end of the jet lifetime 7,
PLio 12
i

~

(10.6)

4ry, + 3)7rcpem,,0R§nv

We rely on three different reference frames throughout this paper: the CO frame, the observer frame and the jet comoving frame. In

order to distinguish among them, each quantity in each of these frames is denoted as X, X, X, respectively.

In the literature a geometrical correction factor of 2 is often considered in the relations between the radius of the head and the time, see

e.g. [248]; nevertheless, this does not affect our findings.

159



10.2 PARTICLE ACCELERATION SITES

If R, < Rex, the jet is choked inside the stellar envelope.

The jet consists of several shells moving with different velocities. This implies that internal shocks
may take place in the jet at Ris < Rp, when a fast shell catches up and merges with a slow shell. If
I; =~ (Ffast /Tmerg + Dmerg/ Ffasl) /2 is the relative Lorentz factor between the fast (moving with I',i) and the
merged shell (moving with I'yere) in the jet, efficient particle acceleration at the internal shock takes place
only if [247]

n,orRis/T < min[I7,0.1C7'T7] (10.7)

where C = 1 +2InI'2 is a constant taking into account pair production and nj, = n; is the proton density of the
un-shocked jet material. If Eq. 10.7 is not satisfied, the internal shock is radiative and particle acceleration is

not efficient [247]. We assume that internal shocks approach the jet head, i.e. Ris =~ Ry, [248].

10.2.1.1  Photon energy distribution

Electrons can be accelerated at the reverse shock between the shocked and the un-schocked jet plasma. Then,

they heat up and rapidly thermalize due to the high Thomson optical depth of the jet head
R
T = Nesnjor— > 1, (10.8)
I

where ngghj = (405 + 3)n;. is the electron number density of the shocked jet plasma. Therefore, the electrons
in the jet head lose all their energy (efsesh,j) through thermal radiation, with ey, ; defined as in Eq. 10.4 and
€XS being the fraction of the energy density that goes into the electrons accelerated at the reverse shock. The
temperature of the emitted thermal radiation, in the jet head comoving frame, is [237, 399]

3073 c2eRSLisoy 1/4
—’) : (10.9)

kT = ( 471-4R%l
with kp being the Boltzmann constant. Thus, the head appears as a blackbody emitting at temperature

k BTI’S = I'te1k Ty, in the comoving frame of the un-shocked jet. The density of thermal photons in the jet

head is

197 3
=——(kgTy)” . 10.10
Ny h (hc)3( 8TH) ( )

As the internal shock approaches the head of the jet, a fraction fesc = 1/7r, of thermal photons escapes in

the internal shock [247], where their number density is boosted by [';:

n;,ls = Trel feschy h - (10.11)
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The resulting energy distribution of thermal photons in the un-shocked jet comoving frame is [in units of

GeV'em 3

_ Ny = A £ (10.12)
CdELAVT T T By GeTi) _ :

’ ’ © ’ ’ -
where Al = s [/0 dEyny(Ey)] .

10.2.1.2  Proton energy distribution

Protons are accelerated to a power law distribution at the internal shock, even though the mechanism
responsible for particle acceleration is still under debate (e.g. [85, 101, 283-285]). The injected proton

distribution in the jet comoving frame is [in units of GeV~! cm™3]

’ / dzNI; ’ '—kp E;’ o ’ ’
Mo (Ep) = et = A E, " exp [— (E ) } O(E), = E}, 1) - (10.13)
p p.max

where k, is the proton spectral index, o, = 1 simulates an exponential cutoff [543], and © is the Heaviside
function. The value of k, is highly uncertain: it is estimated to be k,, ~ 2 from non-relativistic shock
diffusive acceleration theory [398], while it is expected to be k,, =~ 2.2 from Monte Carlo simulations of
ultra-relativistic shocks [85]. In this work, we assume &k, =~ 2.

-1
E)
1 1 s ’r ’ p,max ’ 7 7 ’ . .
The normalization constant is A}, = €)€qe f fE dELE,n},(E},)| . where € is the fraction of the

p.min
comoving internal energy density of the jet e} = I:ijs"/ (47rR12s cI'?) which is dissipated at the internal shock,
while €, is the fraction of this energy that goes in accelerated protons. We rely on a one-zone model for the
emission from internal shocks and omit any radial evolution of the properties of the colliding shells. Hence,
we assume that the dissipation efficiency ¢4 is constant [e.g. 231, 544]. Note, however, that €5 depends on

the details of the collision, i.e. the relative Lorentz factor between the colliding shells and their mass (see

e.g. [291, 292]).

’
p,min

’

The minimum energy of accelerated protons is £ =m pcz, while E7, ., is the maximum energy up to

which protons can be accelerated at the internal shock. The latter is fixed by the condition that the proton
acceleration timescale /7! is smaller that the total cooling timescale t;;clool. For details on the cooling

p.acc

timescales of protons, see Appendix D.1. At the internal shock, the fraction ep of the dissipated jet internal

energy is given to the magnetic field: B’ = /87reBede;..
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10.2.2 Interaction with the circumstellar medium

While the presence of a choked jet is uncertain because of the lack of electromagnetic evidence [297], the
existence of fast ejecta launched by the central engine and moving with v > 0.1c¢ is supported by observations
in the radio band #. The origin of the ejecta is still unclear and under debate. In the following, we discuss

several viable mechanisms for the production of a fast outflow expanding outwards in the CSM.

* In the cocoon model presented in [153] (see left panels of Fig. 48), as the jet propagates in the stellar
envelope (Sec. 10.2.1), a double-layered structure, the cocoon, forms around the jet, see e.g. [201]. The
cocoon breaks out from the star and expands in the surrounding CSM [223]. The interaction between
the CSM and the cocoon is responsible for the observed radio signal. It is expected that the cocoon’s
ejecta are stratified in velocity, and the fastest component propagates with vy > 0.1c. Since we assume
that the jet is choked in the extended stellar envelope and far from the stellar core, the fast component
of the cocoon does not have any relativistic component moving with Lorentz factor I't ~ 3 [223]. In
addition to the fast ejecta, the outflow contains a slow component moving with vy < 0.01c. This
component might be the slow part of the SN ejecta accompanying the jet launching. Note that there
might be a faster component of the SN ejecta, but the radio signal is probably dominated by the cocoon

emission [153].

* The merger model proposed in [154] (see right panels of Fig. 48) invokes a Wolf-Rayet—black hole
merger following a failed common envelope phase. This leads to a highly asymmetric CSM: a very
dense region extends up to R ~ 10'* cm around the equator and a less dense component extends up
to R ~ 10'® cm in the polar direction. The asymmetric CSM is clearly required by electromagnetic
observations of AT2018cow [148] and the energetics of the fastest ejecta of CSS161010 [152]. An
accretion disk forms as a result of the merger; slow ejecta in the equatorial direction move with

vs = 0.01c, and the fast component in the polar plane has v¢ ~ 0.1c.

Other two models have been proposed in the literature with features similar to the ones of the scenarios
described above for what concerns the neutrino production. [525] suggests that LFBOTs arise from the

accretion induced collapse of a binary white dwarf merger. In this case, neutrinos may be produced at the

4 It is worth noticing that the speed for the ejecta is very similar to the one of core-collapse SNe. Nevertheless, LFBOTs have been

observed with fast ejecta speeds up to v¢ =~ 0.6¢, see e.g. [152]. This feature makes these transients different from core-collapse SNe.
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highly magnetized and highly relativistic wind termination shock, responsible for the observed radio emission.

In this scenario, we expect a neutrino signal similar to the one of the cocoon model (from CSM interaction
only), because of the similarity with the model parameters considered in [525]. [521] invokes a common
envelope phase between a red supergiant and a CO. This mechanism shares common features with the one

proposed in [153]. Nevertheless, while the former predicts baryon loaded jets, the latter invokes relativistic

jets. Neutrino production from the jet model proposed in [521] may mimic the results obtained in [254].

Moreover, as for the scenario of [154], a common envelope phase, during which an asymmetric CSM forms,
is proposed. The parameters obtained in the common envelope jet SN impostor scenario are similar to the
cocoon model as for the total energy and mass of the ejecta, as well as for the CSM properties. Results similar
to the ones of the cocoon model should hold for the common envelope jet SN impostor scenario, when taking
into account CSM interaction. Hence, in the following we focus on the cocoon and merger models only.

Independently of its origin, the fast outflow propagates outwards in the surrounding CSM, giving rise to the
observed radio spectrum. Observations suggest a certain degree of asymmetry in the LFBOTs outflows [148,
150, 152]. Nevertheless, for the sake of simplicity, we consider a spherically symmetric geometry both for
the ejecta and the CSM. We parametrize the CSM with a wind profile

M

B — 10.14
4mtm v,y R? ( )

npcsm(R) =

where M is the mass-loss rate of the star and v,, is the wind velocity. The CSM extends up to Rcsy and
its mass is obtained by integrating Eq. 10.14 over the volume of the CSM shell, dVesm = 47R2dR. Note
however that radio observations of AT2018cow indicate a steeper density profile for the CSM, see e.g. [545].
Here, we assume a standard wind profile for a general case.

As the outflow expands in the CSM, forward and reverse shocks form—propagating in the stellar wind
and back to the ejecta in mass coordinates, respectively. Both the forward and reverse shocks contribute to
neutrino production. On the basis of similarities with the SN scenario, the forward shock is expected to be
the main dissipation site of the kinetic energy of the outflow [e.g., 546—551]; hence, we focus on the forward
shock only, which moves with speed vy, =~ vy.

If the outflow expands in a dense CSM with optical depth 7csm, the forward shock is radiation mediated

as long as Tcsm > 1 and particle acceleration is not efficient [88, 131, 552]. Radiation escapes at the
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breakout radius Ry, when the optical depth drops below vy, /c. The breakout radius is obtained by solving

the following equation:

Rcsm c
TCSM = / dr O'Tnp,CSM(R) = —. (10.15)
R

bo Vsh

Existing data suggest that the LFBOT ejecta were possibly slowly decelerating during the time of obser-
vations [e.g., 152]. Nevertheless, this behavior is not well probed and the treatment of deceleration of a
mildly-relativistic blastwave is not straightforward [553]. Hereafter, we assume that the shock freely moves
with constant speed vy, up to the deceleration radius

M,;
Rgee = Rpo + —————— (10.16)
dnmp,n f’vbORbo

where M,; is the mass of the ejecta and np, o = 11 csm(Rbo). At this radius, the ejecta have swept-up a mass

comparable to Mej from the CSM.

10.2.2.1 Proton energy distribution

Diffusive shock acceleration of the CSM protons occurs at R > Ry, and accelerated protons are assumed to
have a power-law energy distribution. For a wind-like CSM, the proton distribution reads [in units of GeV~!

cm™3]

d’N,

~ ~7k) o~ ~ ~ ~
ﬁ = ApEp ! G(Ep - Ep,min)(a(Ep,max - Ep) ; (10.17)
p

fip (E p) =
as for the choked jet scenario, we fix the proton spectral index k, = 2. Moreover, the minimum energy of
protons is £, min = m pCZ, since these shocks are not relativistic. The maximum energy of shock-accelerated

protons is fixed by the condition that the acceleration timescale is shorter than the total cooling timescale, i.e.

il <il

ace < I (see Appendix D.1). Note that for CSM interaction there is no difference between the comoving

frame of the shock and the CO frame, since the involved speeds are sub-relativistic. Hence, the primed
quantities are equivalent to the twiddled ones.

Ap =9epn, csm(R)mpc? [ [8I0(E p max /E pmin) ] (vsn/c)? is the normalization constant. Here, €,, is the
fraction of the post-shock internal energy, éy = 9m pcz(vsh/c)znp,CSM(R) /8, that goes in accelerated

protons. The fraction eg of éy, is instead stored in the magnetic field generated at the forward shock:

B= \/97‘[63}’}1 ¢ (ven/c)?np csm(R). We stress that the quantities introduced so far for CSM interaction
evolve with the radius of the expanding outflow, and hence with time.
Electrons are expected to be accelerated together with protons at the forward shock and produce the

synchrotron self-absorption spectrum observed in the radio band. The electron population responsible for the
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radio emission is still under debate [146, 554]. Nevertheless, we verified that py interactions are negligible
for a wide range of parameters, consistently with the results reported in [131, 298]. Hence, we do not
introduce any photon distribution and neglect neutrino production through py interactions in the context of

CSM-ejecta interaction (see Sec. 10.4).

10.3 BENCHMARK LUMINOUS FAST BLUE OPTICAL TRANSIENTS: AT2018cow AND css161010

In this section, we provide an overview on the parameters characteristic of AT2018cow and CSS161010.

We select these two transients as representative of the detected LFBOTSs for two reasons. First, they are
the closest ones (d;, ~ 60 Mpc for AT2018cow and dy ~ 150 Mpc for CSS161010; dy. is the luminosity
distance, defined as in Sec. 10.4.3); second, while these two LFBOTs share similar CSM densities, extension
of the CSM, ejecta mass and kinetic energy as the population of LFBOTS, their fastest ejecta span the entire
range of values inferred. AT2018cow showed v¢ ~ 0.1-0.2¢ [147, 148, 545], while CSS161010 is the fastest
LFBOT observed to date with vy =~ 0.55¢ [152]. We fix the speed of the fastest component of the outflow as
measured from observations. The other characteristic parameters are still uncertain, hence we vary them
within an uncertainty range. The parameters adopted for the choked jet (opening angle 6, Lorentz factor I',
and lifetime 7;) are fixed on the basis of theoretical arguments as justified below. The typical parameters
adopted for the choked jet and for CSM interaction are summarized in Table 8. As for the cocoon model
harboring a choked jet, E; = L;7 ; corresponds to the physical energy injected by the central engine into the
jet, whose opening angle is assumed to be ; = 0.2 rad (e.g. [133, 556]). Since the jet is choked, all of its
energy is transferred to the cocoon, i.e. the cocoon breaks out with energy Eej ~FE j: note that, in principle, we
should consider that a fraction of the jet energy is dissipated at the internal shocks, nevertheless this fraction
is small enough to be negligible [~ 10% [292]]. The kinetic energy E} of the ejecta interacting with the
CSM has been estimated from the radio data and it represents a lower limit on the total energy of the outflow,
Eej (see “CSM interaction, cocoon model” in Table 8). The upper limit on the total energy of the outflow is
not directly inferred from observations, but estimations of its range of variability have been attempted. Thus,
we vary the energy injected in the jet in the interval spanned by the lower and upper limits of the outflow

energy, obtained by combining observations and theoretical assumptions (see “choked jet” in Table 8 and
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Table 8: Benchmark input parameters characteristic of AT2018cow and CSS161010 adopted in this work. Some parameters are inferred from observations,

while others denote typical values derived on theoretical grounds or combining observations and theoretical arguments. The following references

are quoted in the table: [1] [555], [2] [152], [3] [149], [4] [556]. [5] [133], [6] [545], [7] [148], [8] [153], [9] [557], [10] [558], [11] [531],

[12] [559], [13] [292], [14] [544], [15] [5601, [16] [248], [17] [561], [18] [147], [19] [562], [20] [154].

Parameter Symbol AT2018cow CSS161010 References
Luminosity distance dr 60 Mpc 150 Mpc [1,2]
Declination 5 22° -8° [2, 3]
Choked jet
Opening angle 0; 0.2 0.2 [4,5,6]
Isotropic energy E}“’ (erg) 1091052 10%0-10%2 2,7, 8]
Jet lifetime 7 (s) 10-106 10-10° [9,17]
Lorentz factor T 10-100 10-100 [10, 11, 12]
Dissipation efficiency (IS) €4 0.2 0.2 [13, 14]
Accelerated proton energy fraction (IS) & 0.1 0.1 [15]
Magnetic energy density fraction (IS) €B 0.1 0.1 [15]
Accelerated electron energy fraction (RS) efs 0.1 0.1 [16]
CSM interaction, cocoon model
Fast outflow velocity Vi 0.2¢ 0.55¢ [2,6,7,18]
Ejecta energy Eq (erg) 4% 10%4-10% 6% 10%-10°" [2,7, 18]
Mass-loss rate M (Mg yr™") 1074-1073 10741073 [2,7,18]
Ejecta mass Mej(Mo) I1x1074-3x10722.2x 10744 x 1073 [2,7, 18]
Wind velocity vy (kms™') 1000 1000 [2,7,18]
CSM radius Resm (cm) 1.7x 10" 3% 107 2, 18]
Accelerated proton energy fraction €p 0.1 0.1 [19]
Magnetic energy density fraction €p 0.01 0.01 [2,6,7,18]
CSM interaction, merger model
Fast outflow velocity Vi 0.2¢ 0.55¢ [2,6,7,18]
Ejecta energy Eq (erg) 4x10%-10%! 6x10%-10%! [2,7,20]
Mass-loss rate M (Mg yr~") 7x107=7x 1075 7x107°=7x 1075 [2,7,20]
Ejecta mass Mej(Mo) 1074-3x 1072 22x10™4-4x 1073 [2,7,20]
‘Wind velocity vy (kms™h) 10 10 [20]
CSM radius Reswm (cm) 3x 10 3x 10 [20]
Accelerated proton energy fraction €p 0.1 0.1 [19]
Magnetic energy density fraction €B 0.01 0.01 [2,6,7,18]
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references therein). As mentioned in Sec. 10.2.1, the dynamics of the jet is conveniently described by the

isotropic equivalent quantities; we refer to the isotropic equivalent energy of the jet: E i].so =E;/ (9? /4).

The Lorentz factor of the jet is not measured. Hence, we rely on two extreme cases: I' = 10 and 100.

This choice is due to the fact that numerical simulations and semi-analytical models suggest that the jet
propagates in the stellar core with I' ~ 1-10 [210, 558]. Nevertheless, when the jet pierces the stellar core at
R, =~ 10! cm and enters the extended envelope, it may be accelerated up to I" < 100 because of the sudden
drop in density [300, 559].

The jet lifetime is linked to the CO physics. The CO harboring relativistic jets can be either a black
hole [223, 523] or a millisecond magnetar [563]. If we assume that the central engine of LFBOTs is a
magnetar with initial spin period P;, magnetic field By, and mass My, = 1.4Mg then the upper limit on the

jet lifetime is set by the spin-down period [557]:

2 2
P; B
fa =2.0x10° ‘ —0 | . 10.18

s ° (10—3 s) (1014 G) (10.18)
Following [530], for P; = 10 ms and By, = 10'®> G, we obtain 7; < 7a =2 X 10° s. If the CO is a black hole,

the upper limit on the jet lifetime is set by the free-fall time of the stellar material [561]:

3/2 -1/2
_ Rpn Mgy
e~ 1.7x 107 , 10.19
i ° (10‘3~5 cm) ( Mo ) ( )

where Mgy is the black hole mass and Rpyy the distance from it. Since the nature of the CO powering LFBOTs
as well as the presence of a jetted outflow are uncertain, we vary the jet lifetime in 7; € [10, 106] s. Note,
however, that a short lifetime (7; < 10° s) may require an amount of energy released by the CO larger than
the sum of the observed radiated energy and the kinetic energy of the ejecta. This consideration arises when
extrapolating the X-ray light-curve—Ilikely associated with the CO powering LFBOTs [e.g. 148, 152]—back
to early times (7 ~ 7;). Nevertheless, there is no robust signature that allows to confidently exclude shorter
CO lifetimes. Hence, we choose to span a wide range for 7;. Finally, the microphysical parameters €z, €,
and €RS are fixed to typical values of choked jets; see “choked jet” in Table 8 and references therein.

Note that the same energy E; can be injected from the CO for different (L, ;) pairs. Since our main
goal is to explore viable mechanisms for neutrino production in LFBOTSs, not all (L}, ;) pairs are allowed,

as shown in Fig. 49. In fact, the (L}, ;) pairs that do not satisfy, simultaneously, the choked jet condition

(Rp < Rext, with Ry, given by Eq. 10.6) as well as the acceleration constraint in Eq. 10.7 are excluded.

Examples of the allowed (L, ;) pairs are shown in Fig. 49 for I' = 10 and 100. We also exclude the (L;,7;)
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Figure 49: Contour plot of the energy injected in the jet by the central engine (E = L jf;) in the plane spanned by L j and 7; for I" = 10 (left panel) and

I" = 100 (right panel). The light yellow region is excluded since it would give rise to a successful jet. The light-brown region in the right lower

corner is excluded because the jet would be radiation mediated (“Rad. med.”; see Eq. 10.7). For I' = 100, we exclude an additional region

corresponding to an uncollimated jet (“Uncol”; brown region in the right panel). In the allowed region of the parameter space, the black-dashed

lines are meant to guide the eye and correspond to E = 10*,10%,10% erg.

pairs leading to an uncollimated jet in the extended envelope for the fixed 6, as suggested by numerical

simulations and implied by observations [153], see [201, 532] for details®. Uncollimated outflows are ruled

out by energetic considerations, since they would require a total energy of the ejecta, Eej ~ 10”3 erg, much

larger than the one estimated for LFBOTs, i.e. Eej ~ 1050-10%! erg [147, 152, 265]. In Fig. 49, we consider

isocontours of the isotropic energy £ j in the (L j»1;) parameter space . Note that, for I" = 10, the region

excluded from the collimation argument overlaps with the area already excluded; therefore, we do not show it

explicitly.

Concerning CSM interaction occurring in the cocoon model, if v¢ is the speed of the fastest component of

the cocoon responsible for the observed radio emission and E;, = Ej /(1 + z) its kinetic energy, its mass M.

can be obtained through the following relation

Vej =

2E}
M. '

(10.20)

We then vary M,; in the range corresponding to the upper and lower limits on the kinetic energy of the

outflow. The former is obtained by assuming that all the energy of the ejecta is converted into kinetic energy,

ie. Ey = Eej; the latter is constrained from observations. The range of variability of M.; is shown in Table 8

for AT2018cow and CSS161010 (see under “CSM interaction, cocoon model”). The mass-loss rate M spans

5 We assume a density profile of the stellar core px (R) = My /(47 R4)R 2, valid up to the He envelope; this profile follows [299,

532] for progenitors harboring choked jets. For the mass of the stellar core and its radius we use My = 4Mg and Ry = 6 x 10'! cm,

respectively, inspired by [153] that reproduces the lightcurve of AT2018cow.
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the range hinted from radio data, while the CSM radius is fixed from the latest radio observations; see “CSM
interaction, cocoon model” in Table 8 and references therein.

For the merger model, we fix the upper limit on the total energy of the ejecta at the theoretical value
estimated by [154]. We instead vary the mass of the fast ejecta by using Eq. 10.20, following the argument
reported above concerning the upper and lower limits on the kinetic energy. Finally, the mass-loss rate spans
a range obtained from theoretical predictions of the model, while the extension of the CSM is fixed from
theoretical estimations [154]. All the aforementioned parameters and their variability ranges are listed in the

section “CSM interaction, merger model” of Table 8.

104 NEUTRINO PRODUCTION

In this section, we summarize the viable mechanisms for neutrino production in LFBOTs. In particular,
we discuss interactions between shock accelerated protons and target photons at the internal shocks (py
interactions) in the choked jet and interactions between shock-accelerated protons and a steady target of
protons (pp interactions), taking place when the outflow expands in the CSM. In both cases, we present the

procedure adopted to compute the high-energy neutrino flux at Earth.

10.4.1  Neutrino production via proton-photon interactions

Protons accelerated at the internal shocks interact with thermal photons escaping from the jet head and going
back to the unshocked jet. Efficient py interactions take place at the internal shock, mainly through the A*

channel

n+n* 1/3 of all cases
Dy A — (10.21)

p+n° 2/3 of all cases,

while we can safely neglect p p interactions at the internal shocks, since they are subleading (see Appendix D.1).
The reaction channel in Eq. 10.21 is followed by the decay of neutral pions into photons: 7% —s 2. At the
same time, neutrinos can be copiously produced in the decay chain 7* — u* +v,,, followed by the muon

decay u* — v, +ve +et.
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We rely on the photo-hadronic model presented in [115]. Hence, given the injected energy distribution
of protons [n,(E},)] and the distribution of target photons [n),(E’)], the rate of production of secondary
particles [ (with [ = 7%, 7% K*) in the comoving frame of the unshocked jet is given by [in units of

GeVlem3s71:

o) d ’ oo
O/(E})=c / L' (E) dE.n’(E.)R(x,y) , (10.22)
e Ep PRy, U7

where x = E]/E), is the fraction of proton energy which is given to secondary particles, y = y,E] and
R(x, ) is the response function, which contains the physics of the interaction. The initial distributions of
protons and photons are given by Eqs. 10.13 and 10.12, respectively.

Before decaying, each charged meson / undergoes energy losses, parametrized through the cooling time

tl’;éol, see Appendix D.1. Therefore, the spectrum at the decay is

rdec ’ ’ ’ tl/,coolml
Q" (E)) =Q,(Ez)[1 —eXp(——)], (10.23)

’ !
kT
where 7/ is the lifetime of the meson /. The comoving neutrino spectrum from decayed mesons is [in units of

GeV-'em3s71:

’ ’ ® dEl, "dec [/ E (/
Q. (Ey) = | L0 (EDFiwy, | 2 | (10.24)
E, = 1
where a = e, u is the neutrino flavor at production and Fj_,,, is provided in [273]. We use vo = Vo + 7o,
i.e. we do not distinguish between neutrinos and antineutrinos.
Magnetic fields in the internal shock are not large enough to efficiently cool kaons, that have a larger
mass and a shorter lifetime compared to pions and muons. Therefore, they suffer less energy losses and

do not contribute significantly to the neutrino spectrum, even though they may become important at high

energies [238, 274-276].

10.4.2  Neutrino production via proton-proton interactions

Similar to SNe, stellar outflows interacting with dense CSM can be neutrino factories [65, 123, 131, 533-539],
when protons accelerated at the forward shock between the ejecta and the CSM interact with the steady target

protons of the CSM.
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Given the population of injected shock-accelerated protons in Eq. 10.17, the proton distribution evolves

as [534, 564, 565]:

aNp(’)‘;psR) (9
T_a_yp —Np( Yo R) | +

Np(7p, R)

_ =0(¥,), 10.25
VanTpp (R) Q(')’p) ( )

where Np(f/p, R) is the total number of protons with Lorentz factor between ¥, and ¥, + d¥,, contained in
the shell of shocked material at radius R and Q(E,) = nR} Ail(E, /mpc?, R = Ryo)/(mpc?) is the proton
injection rate at the breakout radius [in units of cm™']. The second term on the left-hand side of Eq. 10.25
parametrizes adiabatic losses due to the expansion of the shocked shell, while the third term corresponds to
pp collisions, treated as an escape term [564].

The neutrino production rates for neutrinos of flavor a, Q,,, are given by [in units of GeV!lem 1 [116]:

QNV(, (Ew R) =

“"lp,CSM(R)m]JC3 ! Upp(Ev/x) Ev
dx Np
Vsh 0 X

R)F,,(Z(Ev,x) , (10.26)

myc?
wherex = E,/ Ep and the function F,, is provided in [116]. Note that Eq. 10.26 is only valid for £}, > 0.1 TeV,

which is the energy range we are interested in.

10.4.3  Neutrino flux at Earth

On their way to Earth, neutrinos undergo flavor conversion. The observed distribution for the flavor v, (with

a=e,U,T)is [GeV ! em=2s71]

(1+z)2

FVQ(EV7Z): 4 dz( )

D Py (ENQ,, (B, L) (10.27)

with Q' (E, L) being the neutrino production rate in the comoving jet (py interactions) or in the center of
explosion (pp interactions) frame, given by Eqs. 10.24 and 10.26, respectively. The constant 7~ =V =
47rR3 /(2I") represents the isotropic volume of the interaction region [280] in the choked jet scenario, while
T = vgy for CSM-ejecta interaction. Note that 7 has different dimensions in the choked jet scenario compared

to the CSM-ejecta interaction case, because of the different dimensionality of the corresponding neutrino

injection rates, see Egs. 10.24 and 10.26. Moreover, the Lorentz conversion factor is £ = (1 + z)/T for the
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choked jet and £ = (1 + z) for CSM interaction. The neutrino oscillation probability Py, = Py,—y, is

given by [278, 279]:

1 .
PVe—>VH = PVM—We = PVe—>VT = Z S1I12 2612, (10.28)
1 .
Py, = Pryov = gl4- sin” 012) (10.29)
1
Py, = l- 5 sin® 26, , (10.30)

with 61, ~ 33.5° [277, 281]. The luminosity distance in a standard flat ACDM cosmology is:

c Z dZ’
d =(1 — , 10.31
v =vag [ (1031)

where we use Hy = 67.4 km s™! Mpc™!, Qy; = 0.315, and Q5 = 0.685 [277, 566].

The neutrino fluence at Earth is

iy
®,,(Ey)) = / dt F,, (E,,1), (10.32)
4

where F, (E,,t) is given by Eq. 10.27, t; and ¢y are the onset and final times of neutrino production,
respectively, measured by an observer at Earth. For the choked jet scenario, the integral in Eq. 10.32 is
replaced by the product with the jet lifetime ¢;. For CSM interaction, we fix the onset of our calculations
ti = tho = (1 +2)Rpo/vsh and follow the neutrino signal up to fy = tex = (1 + 2)Rext/Vsh, Where Rey =
min [RcsMm, Raec]- In the last expression, Rgec is given by Eq. 10.16. This choice is justified because efficient
particle acceleration takes place for R > Ry, only; hence, no neutrinos can be produced before the breakout
occurs. Second, for R > Ry either the CSM ends and there are no longer target protons for pp interactions
to occur, or the ejecta start to be decelerated and the neutrino signal quickly drops as o« vf,h [534]. Therefore,
neutrino production is no longer efficient.

Both the cocoon model and the merger model predict the presence of slow ejecta, with vy ~ 0.01c.
Nevertheless, the fast component of the ejecta in the cocoon model sweeps up the CSM around the star;
therefore, when the slow component emerges, there are no longer target protons for efficient p p interactions to
occur (in the assumption of spherical symmetry). As for the merger model, the slow outflow propagates into a
highly dense and compact CSM. However, shocks in the equatorial region are radiative, and neutrinos should
be produced with a maximum energy lower than the one of neutrinos produced in the fast outflow—CSM
interaction (see e.g. [298]). Furthermore, the equatorial CSM has a smaller extension than the polar one, and
the corresponding neutrino production would last for a shorter time. As a consequence, we consider the

neutrino signal from the fast outflow only.
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10.5 NEUTRINO SIGNAL FROM NEARBY SOURCES

In this section, we present our forecasts for the neutrino signal for the the choked and CSM interaction
models. We also discuss the number of neutrinos expected at the IceCube Neutrino Observatory as well as

the detection perspectives at upcoming neutrino detectors, such as IceCube-Gen?2.

10.5.1 Neutrino fluence

For the choked jet scenario (see Sec. 10.2.1), for fixed isotropic equivalent energy E}SO, we consider an
envelope containing the expected neutrino fluence for the allowed (L, 7;) pairs. As for CSM interaction in
the cocoon model, we fix Rpo = Reny = 3 X 1013 cm up to Rext. Indeed, in the hypothesis of an extended
stellar envelope surrounding the core of the star, the CSM is already optically thin at the edge of the envelope
and radiation can escape as soon as the cocoon breaks out. As already pointed out, in the merger model the
breakout radius is calculated by using Eq. 10.15 and it does not occur too deep in the CSM, since the latter is
not very dense.

Figure 50 shows the muon neutrino fluence expected from AT2018cow and CSS161010. The blue band
corresponds to the neutrino fluence from the choked jet, while the orange and purple bands represent the
neutrino signal from CSM interaction in the cocoon and merger models, respectively. Each band reflects
the uncertainties on the model parameters discussed in Sec. 10.3 (see Table 8). The neutrino fluence for
the choked jet scenario is displayed for the optimistic case of a jet observed on axis. If the jet axis should
be perpendicular with respect to the line of sight of the observer, no neutrino is expected. In the following,
we assume that the choked jet points towards the observer; this might have been the case for AT2018cow,
since two neutrinos have been detected at IceCube in its direction [66, 567]—see discussion below. On the
other hand, the emission from CSM interaction is approximately isotropic and hence observable from any
viewing angle. This is consistent with electromagnetic observations of LFBOTs: if a choked jet is harbored,
no electromagnetic emission is expected. The optical radiation is powered from the cooling of the cocoon,
while the radio emission comes from the interaction of the cocoon with the CSM [153]. In the merger model,
the fast outflow responsible for the high-energy neutrino emission likely covers about > 70% of the solid

angle 4 [154]; hence, its emission is quasi-isotropic and visible from along any observer direction.
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Both for the cocoon and merger models, CSM interaction produce a smaller neutrino fluence than in the
case of the choked jet model. Nevertheless, the merger model allows for a larger neutrino fluence compared
to the cocoon one. This result is justified in the light of the larger CSM densities. Even though the stellar
mass-loss rates are comparable, the wind speed is lower in the merger model than in the cocoon model
(10 km s~! and 1000 km s~!, respectively; in the former model, it is generated by mass loss from the

disk, while it is due to mass loss from the progenitor star prior to its explosion in the latter model). If a

choked jet is harbored in LFBOTSs and points towards the observer, then it dominates the neutrino emission.

The neutrino emission from the choked jet model is in qualitative agreement with [235, 247, 248], which
focused on forecasting the neutrino production in gamma-ray bursts instead. Our results concerning the

neutrino signal from ejecta-CSM interaction are valid for every model invoking the emission of a fast outflow

propagating outwards in the CSM. On the contrary, neutrino emission from the choked jet is model dependent.

Recent numerical simulations show that efficient acceleration in jets can occur if the jet is weakly or mildly
magnetized [236]; if this should be the case for LFBOTs, a dedicated investigation of the neutrino production
in this scenario would be required. Furthermore, we have calculated the neutrino signal from the jet assuming
that it is choked in the extended stellar envelope. As discussed in Sec. 10.3 and shown in Fig. 49, a choked
jet may be harbored only for certain pairs of the jet luminosity and lifetime.

For comparison, in Fig. 50, we show the sensitivity of IceCube for point sources at the declination § = 22°
(for AT2018cow) and ¢ = —8° (for CSS161010) [568] and the projected sensitivity of IceCube-Gen?2 for a
point-like source at 6 = 0° [16]. If a source similar to AT2018cow (or CSS161010) were to be observed
in the future at this declination by IceCube-Gen2, the detection chances of neutrinos from the choked jet
scenario would be comparable to the ones of IceCube. This is mainly due to the fact that the sensitivity
of IceCube-Gen2 will be better than the one of IceCube in the PeV-EeV energy range but comparable at
lower energies; the fluence from the choked jet peaks in the TeV-PeV range. As for the CSM interaction, the
neutrino fluence lies well below the sensitivity curve of both IceCube and IceCube-Gen2.

Other neutrino detectors are planned to be operative in the future, such as GRAND 200k [17], RNO-G [176]
and POEMMA [18]. These neutrino telescopes aim to probe ultra high energy neutrinos, but their sensitivity
in the PeV-EeV energy range is worse than the one of IceCube-Gen2; therefore we do not show them in

Fig. 50.
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Figure 50: Muon neutrino fluence expected from AT2018cow (left panel, z = 0.0141, 6 = 22°) and CSS161010 (right panel, z = 0.034, 6 = —8°).
The blue shaded region corresponds to the contribution to the neutrino signal from the choked jet, while the orange (purple) shaded region
displays the signal from interaction between the CSM and the fast component of the outflow in the cocoon (merger) model. The continuous
(dashed) lines are the upper (lower) limits on the neutrino fluence, corresponding to the ranges of parameter values listed in Table 8. The
neutrino emission from the choked jet scenario is strongly dependent on the direction, while the one from the CSM scenarios is quasi-isotropic.
The neutrino fluence in the choked jet scenario is shown in the most optimistic case of a jet oriented along the line of sight of the observer.
For comparison, we show the results of [530] (green dashed line), corresponding to the neutrino fluence in the event that a magnetar powers
AT2018cow. The sensitivity of IceCube for point sources is plotted at a declination § = 22° and & = —8° [568] (black dot-dashed lines), as
measured for AT2018cow and CSS161010, respectively. The sensitivity of IceCube-Gen2 to a point source at § = 0° is also shown (sienna line).
The neutrino fluence from the choked jet harbored in LFBOTs—if the jet points towards the observer—is comparable with the sensitivities of
IceCube and IceCube-Gen2. For AT2018cow, we show the upper limit set by IceCube on the time-integrated v, fluence (IceCube UL, red line),

corresponding to the observation of two neutrino events in coincidence with AT2018cow [66, 567].
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In Fig. 50, we plot the upper limit set by IceCube on the muon neutrino fluence for AT2018cow. This
upper limit corresponds to the observation of two IceCube neutrino events in coincidence with AT2018cow
at 1.80 confidence level within a time window of 3.5 days after the optical discovery [66, 567]. The envelope
obtained for AT2018cow overshoots this limit for E~j.s° > 10°? erg. Interestingly, E‘}SO > 10°? erg falls in the
range inferred by electromagnetic observations, see Table 8. This finding intriguingly suggests that existing
neutrino data may further restrict the allowed parameter space shown in Fig. 49 for AT2018cow, as displayed
in Fig. 51. No neutrino search has been performed in the direction of CSS161010 instead.

As discussed in Sec. 10.3, the CO of LFBOTs could be a magnetar. In this case, high-energy neutrinos
could be produced in the proximity of the magnetar [132, 426, 569]. Protons (or other heavier nuclei) may be
accelerated in the magnetosphere and then interact with photons and baryons in the ejecta shell surrounding
the CO. Both py and pp interactions can efficiently produce neutrinos in the PeV-EeV energy band. The
neutrino production from a millisecond magnetar has been investigated in [298] for AT2018cow. We show
the expected muon neutrino fluence at Earth obtained in [298] in Fig. 50 for comparison with the other
scenarios explored in this paper. For CSS161010, we expect a neutrino fluence qualitatively similar to the
one considered for AT2018cow.

If a magnetar is the central engine of LFBOTSs, its contribution to the neutrino fluence would be relevant in
the PeV-EeV band, at energies higher than the typical ones for neutrino emission from the choked jet and CSM
interaction. Note that the comparison between the fluence from the magnetar and our results is consistent
as for the energetics of the CO. Indeed, the set of parameters adopted by [530] leads to £ =~ 10°°-10°! erg
injected by the magnetar in its spin-down time, 7q ~ 8.4 X 10°~8.4 x 10* 5. If a jet is launched by the
magnetar, then these quantities correspond to its energy and its lifetime, consistently with the ranges we are
exploring in our work.

The radio extension of IceCube-Gen2 [16], as well as the neutrino facilities GRAND200k [17], PO-
EMMA [18] and RNO-G [176] will be more sensitive than IceCube [16] for what concerns the emission
of neutrinos in the magnetar scenario and they may detect neutrinos from sources similar to AT2018cow,

occurring at a smaller distance.
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Figure 51: Contour plot of the jet energy E ' in the parameter space spanned by (L j-1j) for AT2018cow and I" = 100. Part of the parameter space allowed
in Fig. 49 is excluded by the IceCube neutrino data (light yellow region), since the correspondent neutrino emission would overshoot the upper
limit set by IceCube on the time-integrated v, flux from for AT2018cow [66, 567]. Another portion of the parameter space (dark yellow region)
is excluded by theoretical arguments, as already shown in Fig. 49. For I" = 10, the region of the parameter space excluded by the IceCube data is
smaller and overlaps with the one excluded by theory. The region of the parameter space excluded by the IceCube data is obtained under the

assumption of an on-axis choked jet, see discussion in the main text.

10.5.2  Neutrino event rate

Given the muon neutrino fluence up to the time ¢, d),,u (E,,t), the cumulative number of muon neutrinos

expected at IceCube up to the same time is

Vi

Ev,max
Nv,J (1) =/ dE,®,, (Ey,t)Aer(Ey,0) , (10.33)
E

v,min

where E, min = 10> GeV and E, = 10'° GeV are the minimum and maximum neutrino energies,
respectively, and Aeg(E,, 0) is the effective area as a function of energy and for a fixed source declination

0 [141]. The background of atmospheric muon neutrinos can be estimated following [412]:

Ev,max
W) = 780" [ A, At (B, 0) UM (Eve0.1) (1034)

E v, min

where d)*“,‘:“ (Ey,0,1) is the fluence of atmospheric neutrinos at the time #, from the zenith angle 6 and

A6 =~ 2.5° is the width of the angular interval within which is defined the effective area A (E,, ) of IceCube.

For IceCube, the relation 8 = 90° + ¢ holds [570]. We compute the atmospheric background by using the
model presented in [S71-573].
We show the cumulative number of neutrinos from the choked jet scenario (for a jet pointing towards

the observer) and CSM interaction (both for the cocoon and merger models) as functions of time both for
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Figure 52: Cumulative number of muon neutrinos for AT2018cow (left panel) and CSS161010 (right panel) expected at the IceCube Neutrino Observatory;
see Table 8. The blue shaded region corresponds to the contribution from the choked jet (when the latter is observed on-axis); the orange
(purple) shaded region corresponds to neutrinos from CSM interaction in the cocoon (merger) model. The rate of neutrinos from the choked jet
is expected to be constant in the approximation that N internal shocks occur in the jet during its lifetime and that each of them produces the
same neutrino signal. Therefore, the neutrino signal grows linearly with time up to the end of the jet lifetime. For CSM interaction, the number
of neutrinos rapidly increases and settles to a constant value since the proton injection is balanced by p p energy losses. The upper and lower
limits of each band correspond to the same uncertainty ranges in Table 8 and Fig. 50, except for the upper limit for the choked jet scenario in
AT2018cow for which we take E~Ji?° =10°! erg, consistently with the IceCube constraints—see Fig. 51. The brown line shows the cumulative
number of atmospheric neutrinos (which constitutes a background for the detection of astrophysical neutrinos), which increases linearly with

time.

AT2018cow and CSS161010 in Fig. 52. Note that for AT2018cow, the upper limit of the choked jet scenario
is calculated by assuming E}So = 10°! erg, in agreement with the allowed region of the parameter space
shown in Fig. 51. The upper and lower limits for the cumulative number of neutrinos in the CSM interaction
models for AT2018cow and for all the scenarios considered for CSS161010 are the same as the ones in
Table 8. The thick lines denote the duration of the signal, which can last up to a few months for CSM
interaction. As for the choked jet, the neutrino rate is expected to be constant during the jet lifetime, in the
simple approximation that N internal shocks occur in the jet during this period and each of them produces the
same neutrino signal. Hence, the cumulative neutrino rate from the choked jet grows linearly with time up to
the jet lifetime. For CSM interaction, the number of neutrinos rapidly increases after the breakout and then
reaches a plateau since the proton injection is balanced by pp energy losses. The atmospheric background
neutrinos increase linearly with time. The background is expected to dominate over the signal from CSM
interaction, both for the cocoon and merger models; on the contrary, the background becomes comparable to

the choked jet signal at times larger than the jet lifetime.
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10.5.3  Detection prospects for AT2018cow and CSS161010

The neutrino signal from LFBOTSs overlaps in energy with the atmospheric neutrino background. In order to
gauge the possibility of discriminating the LFBOT signal from the one of atmospheric neutrinos, we compare
the total number of muon neutrinos of astrophysical origin Ny, astro with the total number of background
atmospheric neutrinos Ny, pack- The former is given by the sum between contributions from the choked
jet and CSM interaction in the cocoon model and by CSM interaction only in the merger model. Each
contribution is computed by relying on Eq. 10.33 and integrating over the duration of the neutrino production,
defined for each case in Sec. 10.4.3. The latter is obtained through Eq. 10.34, during the duration of neutrino
production for each model.

Below 100 TeV, the astrophysical neutrino events need to be carefully discriminated against the atmospheric
ones. Hence, we consider two scenarios: a conservative energy cutoff in Eq. 10.33, E, i, = 100 TeV
(corresponding to the case when atmospheric neutrino events cannot be distinguished from the astrophysical
ones below 100 TeV) and a low energy cutoff, E, nin = 100 GeV (representative of the instance of full
discrimination of the events of astrophysical origin).

Our results are summarized in Table 9. The number of astrophysical neutrinos expected in the cocoon
model is larger than the number of atmospheric neutrinos, both for AT2018cow and CSS161010, when
the energy cutoff E, min = 100 TeV is adopted. Hence, the detection chances of astrophysical neutrinos
above 100 TeV may be promising, if a choked jet pointing towards the observer is harbored in LFBOTs.
The number of astrophysical neutrinos may instead be smaller than or comparable to the atmospheric
background for the merger model, therefore, the background signal cannot be fully discriminated; this is
especially evident for E, i, = 100 GeV. In the event of detection of one or a few neutrinos from LFBOTs and
depending on the number of undetected sources from the LFBOT population, the actual neutrino flux could
be smaller than the one estimated by relying on the detected events. For this reason, we need to correct for
the Eddington bias on neutrino observations [574]. Assuming that the local rate of LFBOTs is ~ 0.4% of the
core-collapse SN rate [152], we consider the effective density integrated over the cosmic history of LFBOTs
to be O(10%) Mpc~3. The latter has been computed by assuming the density of core-collapse SNe equal to
1.07 x 107 Mpc_3 [32, 575] and the redshift evolution of LFBOTs identical to the one of the star formation

rate. After aking into account these inputs, from Fig. 2 of [574], we find that the number of expected events
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Table 9: Total number of astrophysical neutrinos (N,,” Lastro) and atmospheric neutrinos (N"H Jback) in the cocoon (including choked jet and CSM interaction)
and merger models, for E,, min = 100 TeV. The correspondent neutrino numbers obtained by adopting E,, min = 100 GeV are displayed in

parenthesis. The range of variability corresponds to the upper and lower limits shown in Fig. 52.

N, AT2018cow CSS161010

M

Cocoon model

Ny, astro 3x1073-0.15 (7x 1073 - 0.67) 3x1074-0.23 (4 x 1074 - 0.35)

Ny, back 9x10™*-3x1073 (2.23-9.71) 5%x107 - 1.4x 1072 (2.6 x 1072 - 0.64)

Merger model

Nyastro 1.5 107021 x107* (1.5 1076 =2 x 107#) 6.5x 1077-4.5x 107 (8 x 1077 - 5x 1075)

Ny, back 1% 1074 -3x 1073 (0.32-8) 8x 1075 —2x 1073 (3.7x 1073 -9.2x 1072)

in Table 9 could be compatible with the observation of 1-3 neutrino events both from AT2018cow and
CSS161010.

The IceCube Neutrino Observatory reported the detection of two track-like neutrino events in the direction
of AT2018cow compatible with the expected number of atmospheric neutrino events [66]. Our findings hint
that the observation of two neutrino events may also be compatible with the expected number of neutrinos of
astrophysical origin. A dedicated neutrino search in the direction of CSS161010, during the time when the

transient was electromagnetically bright, would be desiderable.

10.5.4  Future detection prospects

The rate of LFBOTSs and its redshift dependence are still very uncertain. In oder to forecast the detection
prospects in neutrinos for upcoming LFBOTs, we consider an LFBOT with properties similar to the ones of
AT2018cow (see Table 8). Figure 53 shows the total number of neutrinos expected at the IceCube Neutrino
Observatory in the choked jet scenario and for CSM interaction (both in the cocoon and merger models) as
functions of the luminosity distance of the AT2018cow-like source; of course, similar conclusions would hold

for an LFBOT resembling the CSS161010 source, see Figs. 50 and 52. We assume the upper and lower limits

for AT2018cow listed in Table 8, since the neutrino constraints shown in Fig. 51 do not hold for this source.

We assume that the source is at 6 = 0°, in order to guarantee the maximal effective area at IceCube [141],
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The source is placed at & = 0°. The brown vertical line marks the distance of AT2018cow to guide the eye. The number of neutrinos decreases

as a function of the luminosity distance, as expected.

and perform the integral in Eq. 10.33 between the initial (;) and final () times of neutrino production as

described in Sec. 10.4.3. Furthermore, we adopt the conservative lower energy cutoff E,, i, = 100 TeV, in

order to better discriminate neutrinos of astrophysical origin from atmospheric background neutrinos.

Figure 53 shows that the number of neutrinos expected in the choked jet scenario for an AT2018cow-like

source located at 1 Mpc < dy, < 10* Mpc is 1070 < Nﬁ,‘l"t < 10% if the jet points towards the observer. As for

CSM interaction, the number of expected neutrinos for the same source located at 1 Mpc < dy < 10* Mpc

is for the cocoon model (merger model) is 2x 1072 < N} < 3x 1072 (10717 5 N)** < 2). We expect

comparable or better detection chances for IceCube-Gen2 (see Fig. 50). We stress that a detailed statistical

analysis may provide improved detection prospects, but this is out of the scope of this work. Nevertheless,

our results are an intriguing guideline for upcoming follow-up neutrino searches of LFBOTs.

10.6 DIFFUSE NEUTRINO EMISSION

Despite the growing number of neutrino events routinely detected at IceCube, the origin of the observed

diffuse neutrino background is still unknown. Several source classes have been proposed as major contributors
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to the observed diffuse flux, such as gamma-ray bursts, cluster of galaxies, star-forming galaxies, tidal
distruption events, and SNe [32, 36, 37, 123, 231, 240, 242, 366-368, 576-579]. As discussed in Sec. 10.5,
LFBOTs have favorable detection chances in neutrinos, hence we now explore the contribution of LFBOTs to
the diffuse neutrino background.

The diffuse neutrino background is

back _ _ € Zm"“d foRsFr(2)

z
Y 4nHo Jo Qur(1+2)3+Q)

where zmax = 8, ¢, (E;,) is the differential neutrino number from a single burst (in units of GeV~!; defined

¢, (E) , (10.35)

multiplying Eq. 10.32 by the luminosity distance), E, = E, (1 +z)/T" (where I' = 1 for CSM interaction).

The beaming factor is given by f, = Q/4n ~ 9?/ 2 for the choked jet, while f;, = 1 for CSM interaction. The
factor takes into account the beaming of the jet within an opening angle 6;. The beaming is not relevant
in pp interactions, since they originate from the cocoon (or the polar fast outflow) whose opening angle is
wider than the one of the jet [223]. Therefore, the geometry of the outflow can be assumed to be spherical.

So far, the luminosity function for LFBOTs is not available because only a few transients have been

identified as belonging to this emerging class. Thus, we fix the isotropic equivalent energy of the choked

jet E}SO = 10°! erg, its Lorentz factor I' = 100, and assume that it is representative of the whole population.

For computing the contribution to the diffuse neutrino background from CSM interaction, we assume
M.j = 10_2M®, M = 10_3M® yr‘l, v = 1000 km s, and vg, = 0.3¢ as representative values.

We assume that the redshift evolution of LFBOTs follows the star formation rate, Rsgr (z) [575]:

3 3571-1/10
(1+z)‘34+(£) +(1ﬁ) ] (10.36)

Rspr(z) = Reot(z = 0) 5000 5

where the local rate of LFBOTSs is assumed to be Rggor(z = 0) < 300 Gpc‘3 yr‘1 [146, 152].

Figure 54 shows the upper limit to the diffuse neutrino background resulting from the choked jet and CSM
interaction (cocoon model; seagreen solid line). For comparison, we also show the upper limit on the total
diffuse emission when we include the contribution from a millisecond magnetar, i.e. when we sum up the
diffuse emission from choked jet, CSM interaction and the magnetar itself (light-brown dashed line). The
diffuse emission from the magnetar only has been taken from [530] and it has been rescaled to the local rate
assumed in this paper, referred to the subclass of LFBOTs. Note that here we consider the cocoon model
only, since it includes both a choked jet and CSM interaction and thus it would lead to the most optimistic

estimation of the expected neutrino background. If the merger model is adopted, the resulting diffuse neutrino
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Figure 54: Upper limit on the all-flavor diffuse neutrino flux from LFBOTs obtained by including the contribution from a choked jet and CSM interaction

(cocoon model; seagreen solid line) as a function of the neutrino energy. We show the cocoon model only, since it includes both the choked jet

and CSM interaction; the merger model would give rise to a diffuse flux lying well below the seagreen line. For comparison, the upper limit

obtained including both the cocoon model and the contribution from the magnetar (taken from [530]) is also shown (light-brown dashed line).

The pink band corresponds to the fit to the 7.5 year IceCube high energy starting events (HESE), plotted as red datapoints [112]. The black

dot-dashed line corresponds to the 9 year extreme-high-energy (EHE) 90% upper limit set by the IceCube Neutrino Observatory [580]. The

diffuse neutrino background from LFBOTS lies below IceCube data.

background is flat at low energies, with an energy cutoff around 107 GeV; hence, the merger model would

give rise to a diffuse emission below the seagreen line in Fig. 54 and consistent with the upper limit we are

showing.

We compare our results with the flux constraints from the 7.5 year high-energy starting event data set

(HESE 7.5yr) [112] and the 9 year extreme-high-energy (EHE) 90% upper limit set by the IceCube Neutrino

Observatory [580] in Fig. 54. Our results suggest that LFBOTs do not constitute the bulk of the diffuse

neutrino flux detected by the IceCube Neutrino Observatory. Nevertheless, typical energies of these objects

might be larger that the ones assumed in this work, resulting in a larger diffuse neutrino emission.

10.7 CONCLUSIONS

Despite the growing number of observations of LFBOTs, their nature remains elusive. Multi-messenger

observations could be crucial to gain insight on the source engine.
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In this paper, we consider the scenarios proposed in [153] (cocoon model) and [154] (merger model) for
powering LFBOTs and aiming to fit multi-wavelength electromagnetic observations and mounting evidence
for asymmetric LFBOT outflows. In the cocoon model, neutrinos could be produced in the jet choked within

the extended envelope of the collapsing massive star. The existence of a jet harbored in LFOBTSs is highly

uncertain, and certain conditions on its luminosity and lifetime must be satisfied for the jet to be choked.

If a jet is launched by the CO and choked, it contributes to inflate the cocoon, the latter breaks out of the
stellar envelope and interacts with the CSM; neutrinos could also be produced at the collisionless shocks
occurring at the interface between the cocoon and the CSM. In the merger model, a black hole surrounded by
an accretion disk forms as a result of the merger of a Wolf-Rayet star with a black hole. The disk outflow in
the polar region propagates in the CSM, possibly giving rise to neutrino production.

By using the model parameters inferred from the electromagnetic observations of two among the most
studied LFBOTs, AT2018cow and CSS161010, we find that neutrinos with energies up to O( 109) GeV could
be produced in the cocoon and merger models. The neutrino signal from the choked jet would be detectable
only if the observer line of sight is located within the opening angle of the jet. If this is the case, the upper

limit on the neutrino emission set by the IceCube Neutrino Telescope on AT2018cow [66] already allows to

exclude a region of the FBOT parameter space, otherwise compatible with electromagnetic observations.

On the contrary, the existence of a fast outflow (vej 2 0.1 ¢) interacting with the CSM is supported by
electromagnetic observations. The results concerning the neutrino signal from CSM interaction are therefore
robust and valid for any viewing angle of the observer, being the emission isotropic in good approximation.

We find that the neutrino emission from LFBOTs does not account for the bulk of the diffuse neutrino
background observed by IceCube. Nevertheless, the neutrino fluence from a single LFBOT is especially
large in the choked jet scenario, if the jet should be observed on axis, and is comparable to the sensitivity of
the IceCube Neutrino Observatory and IceCube-Gen2, while it is below the IceCube sensitivity for the CSM
interaction cases.

By taking into account the Eddington bias on the observation of cosmic neutrinos, we conclude that the
two track-like events observed by IceCube in coincidence with AT2018cow may have been of astrophysical
origin (similar conclusions would hold for CSS161010). In the light of these findings, a search for neutrino

events in coincidence with the other known LFBOTs should be carried out.
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In conclusions, the detection of neutrinos from LFBOTs with existing and upcoming neutrino telescopes
will be crucial to probe the mechanism powering FBOTs. The choked jet and CSM interaction would
generate very different neutrino signals: the former is direction dependent and peaks around E, ~ 10° GeV,
the latter is quasi-isotropic and approximately flat up to E, ~ 10’—10® GeV for our fiducial parameters.
Current neutrino telescopes may not be able to clearly differentiate the signals from the choked jet and CSM
interaction scenarios. Nevertheless, CSM interaction can produce neutrinos in the high energy tail of the
spectrum. E.g. the detection of neutrinos with energies of O(100) PeV may hint towards the CSM interaction
origin; on the other hand, if a choked jet is harbored in LFBOTSs and the jet is observed on-axis, a large
number of neutrinos with O(100) TeV energy is expected to be detected at IceCube and IceCube-Gen2. As
the number of detected LFBOTs increases, neutrino searches have the potential to provide complementary

information on the physics of these emergent transient class and their rate.

10.8 CRITICAL OUTLOOK

In this Section, we outline the key aspects of our study and provide an overview of our main results. We also

highlight possible future directions of our work. Notably, similar topics have been addressed in Sec. 10.5.3.

10.8.1 Overview and main findings

As of today, core-collapse SNe stand as one of the most largely studied transient phenomena in astrophysics.
As we stepped into the time-domain astronomy era, a plethora of transients previously unknown have been
discovered. Notably, while standard SNe reach their peak luminosity on timescales > O(10) days, many of
the observed transients evolve very quickly and reach their peak luminosity in < 5 days. Consequently, only
some of the observed objects can be classified as SNe, while the nature of most of them remains unknown.
Within the family of rapidly evolving transients, the emerging class of LFBOTS is particularly puzzling. Their
outflow moves at mildly-relativistic (2 0.1 c) velocities, akin to the ejecta of SNe Ib/c broad line. Likewise,
the asymmetry observed in their outflow resembles the geometry of GRB explosions. However, the rapid rise
time of their optical lightcurve and the lack of gamma-rays associated with them hint that LFBOTs form a

novel class of explosive phenomena [148].
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While the number of observed LFBOTSs increases, the high-energy neutrino signal associated with these
sources remains poorly explored. Yet the IceCube collaboration reported the detection of two high-energy
neutrino events in the direction of AT2018cow, the first LFBOT ever observed [66]. Motivated by these
intriguing observations, we investigate the high-energy neutrino signal from LFBOTs. Importantly, for the
first time, we compare different LFBOT models— both capable of accommodating the multi-wavelength
observations— in light of state-of-the-art multi-messenger observations. Our work paves the way for a
multi-messenger approach to unravel the nature of these enigmatic transients.

We rely on the most promising LFBOT models to calculate the corresponding high-energy neutrino
production. The first model invokes a collapsing massive star that launches a jet. The latter is subsequently
choked within the extended hydrogen envelope surrounding the progenitor core, therefore we refer to this
framework as choked jet model. The second model considers the delayed merger between a Wolf-Rayet star
and a black hole, resulting in a final central black hole surrounded by an accretion disk. We refer to this
scenario as merger model.

As for the choked jet model, we identify two regions where particle acceleration can take place: internal
shocks occurring near the head of the choked jet and the external shock driven by the fast outflow in the
surrounding CSM. On the contrary, the latter is the only possible particle acceleration site in the merger
model. We carry out our analysis for AT2018cow and CSS161010, the two closest LFBOTs ever detected.

Our findings have crucial implications in several key areas. Firstly, our work reveals that existing neutrino
data in the direction of AT2018cow already constrain the allowed parameter space in the choked jet model,
excluding a region otherwise compatible with electromagnetic observations. Secondly, our results highlight
that neutrinos can disentangle the mechanism powering LFBOTs. We find that, while a neutrino signal
extending up to ~ O(10%) GeV energies is expected from the interactions between the outflow and the CSM,
the flux produced by the choked jet peaks at energies between 10* — 10° GeV and it dominates the overall
high-energy neutrino signal. In light of these findings, our work highlights that high-energy neutrinos provide
pivotal complementary information to electromagnetic data.

Intriguingly, Ref. [530] investigates the scenario involving a central magnetar as the energy source of
LFBOTSs. The neutrino signal produced in the magnetar wind peaks around =~ 10® GeV, thereby corroborating

our finding that neutrinos can disentangle the mechanism powering LFBOT sources.
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In preparation for future observations of LFBOTSs, we also inspect the detection perspectives of high-energy
neutrinos from transients resembling AT2018cow. Our findings hint that LFBOTs do not contribute to
the bulk of the high-energy neutrino diffuse flux detected at IceCube. However, if a choked jet should be
harbored within these sources and observed on-axis, we forecast the detection of ~ 10 neutrinos at IceCube
from AT2018cow-like sources. Therefore, we advocate for high-energy neutrino searches from LFBOTs as

our work proves that their detection will be crucial to probe the mechanism powering these sources.

10.8.2  Future research directions

In the following, we suggest possible future directions to strengthen the results of our work.

1. Model dependence of the choked jet scenario. Our results for the choked jet scenario are model
dependent, since specific conditions on the jet luminosity and lifetime must be satisfied to both choke
the jet and allow for particle acceleration. Furthermore, the detectability of the neutrino signal depends
on the alignment of the jet with respect to Earth. Should we sit outside the opening angle of the
collimated outflow, the high-energy neutrino signal produced in the choked jet and merger models
would appear nearly indistinguishable. Forthcoming observations of LFBOTs will be crucial to gain

further insights into the origin of these enigmatic objects.

2. Improving numerical simulations of choked jets. Numerical simulations of jets choked in an extended
envelope surrounding the stellar core will lead to more realistic modeling of high-energy neutrino

production in this framework, as also urged by the results presented in Chapter 7.

3. Including the velocity and energy distributions of the outflow in the analysis. In our analysis, we
consider a blastwave with fixed energy and expanding with constant velocity into the CSM. While this
approximation does not affect the expected neutrino signal, both the energy and velocity distributions
of the outflow should be taken into account to outline a unified model for the electromagnetic and

neutrino radiation from LFBOTs.

We conclude this section with a discussion of recent developments in the understanding of LFBOTs since the

publication of our work. Notably, a signal in the X-ray band has been observed in the direction of AT2018cow

~ 3.7 years after its first observation [581], mirroring the previously reported persistent UV signal [508].
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While the latter could be explained within the merger model, it is unknown whether this framework can
accommodate the late X-ray signal as well. Furthermore, it has been recently suggested that LFBOTs may
originate from the merger of a neutron star with a white dwarf [582]. High-energy neutrino production in

LFBOTs should be scrutinized in light of recent theoretical models suggested in the literature.

Finally, we point out that a new fast evolving transient recently joined the family of LFBOTs: AT2022tsd.

The source, which has been dubbed the Tasmanian Devil, exhibits energetic flares occurring over months.

Intriguingly, the non-thermal nature of these flares favors the presence of a near-relativistic jet within LFBOTs
and further supports the hypothesis of a central compact object powering these sources.

In summary, our research proves that LFBOTs are promising sources of high-energy neutrinos and it

encourages neutrino follow-up searches from these transients with current and upcoming neutrino telescopes.

Importantly, our work highlights the potential of high-energy neutrinos in disentangling the mechanism
powering these transients. Future observations of LFBOTs and advanced numerical simulations in the

outlined directions will further expand our understanding of these fascinating phenomena.
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TRANSIENTS STEMMING FROM COLLAPSING MASSIVE STARS: THE

MISSING PIECES TO ADVANCE JOINT OBSERVATIONS OF PHOTONS AND

HIGH-ENERGY NEUTRINOS

Based on: Ersilia Guarini, Irene Tamborra, Raffaella Margutti, Enrico Ramirez-Ruiz, Transients stemming
from collapsing massive stars: The missing pieces to advance joint observations of photons and high-energy

neutrinos, arXiv:2308.03840

ABSTRACT Collapsing massive stars lead to a broad range of astrophysical transients, whose multi-
wavelength emission is powered by a variety of processes including radioactive decay, activity of the central
engine, and interaction of the outflows with a dense circumstellar medium. These transients are also candidate
factories of neutrinos with energy up to hundreds of PeV. We review the energy released by such astrophysical
objects across the electromagnetic wavebands as well as neutrinos, in order to outline a strategy to optimize
multi-messenger follow-up programs. We find that, while a significant fraction of the explosion energy
can be emitted in the infrared-optical-ultraviolet (UVOIR) band, the optical signal alone is not optimal for
neutrino searches. Rather, the neutrino emission is strongly correlated with the one in the radio band, if
a dense circumstellar medium surrounds the transient, and with X-rays tracking the activity of the central
engine. Joint observations of transients in radio, X-rays, and neutrinos will crucially complement those in
the UVOIR band, breaking degeneracies in the transient parameter space. Our findings call for heightened

surveys in the radio and X-ray bands to warrant multi-messenger detections.

11.1 INTRODUCTION

A number of transients may be linked to the aftermath of collapsing massive stars, ranging from supernovae

(SNe) and gamma-ray bursts(GRBs) [127, 324-327, 583] to exotic transients with puzzling properties,

e.g. fast blue optical transients (FBOTs) [143—146, 296], superluminous supernovae (SLSNe) [126, 584] or
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chameleon SNe [585, 586] among the ones detected electromagnetically. These objects are characterized by
a range of time scales and peak luminosities [3, 129], albeit the mechanisms powering their emission remain
uncertain.

In the next future, the theory behind such sources will progress through the exponential growth of the
number of astrophysical transients detected across different wavebands with wide field, high cadence surveys,
such as the Zwiky Transient Facility (ZTF) [157], the All-Sky Automated Survey for SuperNovae (ASAS-
SN) [158], as well as the Panoramic Survey Telescope and Rapid Response System 1 (Pan-STARRS1) [159],
and the Young Supernova Experiment (YSE) [160]. In addition, while our understanding of the UV emission
from explosive transients has already been transformed thanks to Swift-UVOT [587], our ability to explore
the hot and transient universe will soon be revolutionized by the upcoming Vera C. Rubin Observatory [161]
and ULTRASAT [15].

Such transients are also expected to emit neutrinos with energy between O(1) TeV and O(100) PeV, as
a result of particle acceleration [49, 59, 65, 410], as well as gravitational waves [70, 588]. The operating
IceCube Neutrino Observatory [13], the Baikal Deep Underwater Neutrino Telescope (Baikal-GVD) [181]
and the ANTARES neutrino telescope [180] routinely search for high-energy neutrinos from transient sources.
In particular, neutrinos have been possibly observed in coincidence with a candidate hydrogen-rich SLSN [65,
410] as well as an FBOT [66, 234]. Our potential to explore the transient universe through non-thermal
neutrinos will be further enhanced with upcoming neutrino telescopes such as IceCube-Gen2 [16], the
Cubic Kilometre Neutrino Telescope (KM3NeT) [589], the Giant Radio Array for Neutrino Detection
(GRAND200Kk) [17], the orbiting Probe of Extreme Multi-Messenger Astrophysics (POEMMA) [376], and
the Pacific Ocean Neutrino Experiment (P-ONE) [178].

In order to address fundamental questions concerning the physics linked to high-energy particle emission,
efficiency of particle acceleration, as well as the mechanisms powering these transients, it is key to exploit
multi-messenger observations to break degeneracies in the parameter space of the transient properties
otherwise hindering our understanding [234, 298, 590-592].

A number of programs are in place to explore transients through multiple messengers and across energy
bands; for example, ASAS-SN, ZTF and Pan-STARRSI1 carry out target-of-opportunity searches for optical
counterparts of high-energy neutrino events [529, 593, 594], and in turn the IceCube Neutrino Observatory

looks for neutrinos in the direction of the sources discovered by optical surveys, see e.g. Refs. [526, 595].
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Follow-up searches of (very) gamma-ray counterparts of the high-energy neutrinos observed at the IceCube
Neutrino Observatory are also carried out with Fermi-LAT [596, 597] and the Imaging Atmospheric
Cherenkov Telescopes (IACTs) [527].

To capitalize on the promising multi-messenger detection prospects, it is necessary and timely to define a
strategy to carry out informed follow-up searches of high-energy neutrinos and electromagnetic emission from
transients. What electromagnetic waveband is better correlated with high-energy neutrinos? What fraction of
the bulk of energy released in the collapse of massive stars is deposited across the different electromagnetic
wavebands and neutrinos? In this paper, we address these questions performing computations of the energy
budget of astrophysical transients stemming from collapsing stars. In our analysis, we consider both thermal
and non-thermal processes that may power the electromagnetic emission and define a criterion for correlating
electromagnetic observations at different wavelengths with the neutrino signal.

This paper is organized as follows. In Sec. 11.2, we outline the theoretical framework for calculating
the energy budget in each electromagnetic waveband for non-relativistic outflows, while we focus on jetted
relativistic outflows in Sec. 11.3. In Sec. 11.4, after introducing the distribution of accelerated protons, we
outline the channels for neutrino production. Section 11.5 presents the energy budget across electromagnetic
wavebands and in neutrinos of the astrophysical transients linked to collapsing massive stars. In Sec. 11.6, we
investigate the most promising strategies to correlate electromagnetic and neutrino observations depending on
the transient properties and the related detection prospects. Finally, we summarize our findings in Sec. 11.8.
In addition, the cooling rates of protons accelerated in the magnetar wind, at CSM interactions as well as in a

jetted outflow are discussed in Appendix E.1, while Appendix E.2 focuses on radiative shocks.

11.2 MODELING OF THE ELECTROMAGNETIC EMISSION: NON-RELATIVISTIC OUTFLOWS

After introducing the one-zone model adopted to compute the bolometric luminosity, in this section we
outline the contribution to the electromagnetic emission, across wavebands, from different heating sources.
For illustrative purposes we present the results for a benchmark transient in this section, whereas our findings

for different transient classes are discussed in Sec. 11.5.
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11.2.1 Luminosity

We rely on the one-zone model of Refs. [129, 598, 599] to compute the output bolometric luminosity from
collapsing stars. This model only holds for spherical outflows and, since we are interested in the bulk of the
emitted radiation, we focus on the properties of the bolometric light curve around its peak.

Our model is based on the following assumptions: 1. the ejecta are spherically symmetric and expand
homologously; 2. the outflow is radiation dominated, namely the radiation pressure is larger than the electron
and gas pressure (note that we do not consider radiation dominated outflows for the production of radio
photons and neutrinos when the shock interacts with the CSM; see Secs. 11.2.2 and 11.4); 3. a central heating
source is present !; 4. the ejecta propagate with a bulk constant velocity Vej, i.€.the injected energy is smaller

than the kinetic energy of the ejecta.

Because of the hypothesis of homologous expansion, the radius of the ejecta evolves as Rej(f) = vejt.

During the photospheric phase, which can last up to several weeks after the explosion depending on the
ejecta mass [600], the ejecta are optically thick, i.e. their optical depth is 7,; > 1. When and where 7; =~ 2/3,
radiation begins to diffuse from the outflow [599]. Since no significant kinetic energy is added to the outflow,
one can assume that the photosphere expands with velocity vpy = Vve;.

The first law of thermodynamic can be written as (unless otherwise specified, we carry out our calculations

in the reference frame of the expanding outflow):

dE  dP oL
Sl 1.1
a T T g (1.1

where E = aT*V and P = aT*V /3 are the specific internal energy and pressure, respectively, L is the output

1

luminosity and m is the mass of the fluid element, V = p~" is the specific volume with p being the density

and T the temperature. The specific energy injection rate is gip;.

For a photosphere which homologously expands, the solution of Eq. 11.1 is [599]:

2 . 2Rgt

2 *(7+ 2) t —(%ERO;’) Ry
L(t) = —e \'a ‘&'a / dt'e \'a “e'a ( + —) Lini(f') +HS , (11.2)
tq 0 Vejla  ta

The assumption of a central heating source does not hold for all the heating processes, in particular for interactions of the ejecta
with a dense CSM surrounding the progenitor. Thus, this simplified model has several limitations, see Ref. [599] for a discussion.
By comparing the analytical model with numerical simulations, Ref. [S99] finds that the approximation of a central heating source
reproduces the peak time of the bolometric lightcurve and its normalization within a factor ~ 2 with respect to numerical simulations,

which is acceptable for the purpose of this paper.
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where Liyj is the luminosity injected by the central compact source (linked to ginj in Eq. 11.1), Ry is the initial
radius of the source, and 74 = \/W is the time needed for the radiation to diffuse through the ejecta
(assumed to be longer than the duration of the energy injection in our model) of mass M.j and opacity k—
the latter is considered time-independent and independent on the ejecta composition; the geometrical factor
is B =~ 13.7 for a variety of diffusion density profiles [325], and HS is the homogeneous solution of Eq. 11.1
obtained requiring g, = 0.

The homogeneous solution is only relevant when the outflow expands adiabatically, with no energy source

heating the ejecta. Assuming adiabatic expansion, the emitted luminosity is [129]

E .
La(t) = e [P Cron 0wl (11.3)

where Ey ¢ is the kinetic energy content of the ejecta.

When a dense CSM shell surrounds the transient, the outflow crashing with the nearly stationary CSM
drives two shocks: one that propagates back in the ejecta and another one which propagates in the CSM.
Both these shocks act as heating sources for the ejecta as their kinetic energy is converted into radiation. In
this scenario, we assume that the shock efficiently radiates (i.e. t4 = 0), implying L(#) = Liy;(¢) [601]. This
solution holds as long as the shock deceleration during the interaction with the CSM is negligible. The full
self-similar solution including diffusion through the CSM has been calculated in Ref. [599]. However, since
we are mostly interested in linking the electromagnetic emission to the neutrino one, with the production of
the latter taking place in the optically thin part of the CSM, the simple model outlined in Ref. [601] is a fair

approximation for our purposes. Note that we treat Ey oj and M,; as free parameters, and the ejecta velocity

depends on these two quantities through vej = \/2Ej i/ Me;.

11.2.2  Heating sources

For the purposes of this paper, we select the following heating processes [129]:

- fallback of matter on the black hole (BH);

magnetar spin down;

- Ni and *°Co decay;

hydrogen recombination;
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Figure 55: Sketch (not to scale) of the outflow (orange/yellow region) launched by the collapsing star and powered by a central heating source (red region),
moving at velocity vej. The heating can be due to fallback material on the BH, spin-down of the magnetar, and/or 3N;j decay, and hydrogen
recombination. A jetted outflow can be harbored (gray region). The outflow expands and interacts with a dense CSM (blue region), forming a
forward shock and a reverse shock. The former propagates outwards and it shocks the CSM (red outermost shell), the latter propagates inwards

and it shocks the ejecta (light gray shell). The two shocked regions are separated by a contact discontinuity (black dotted line). The forward
shock (moving at velocity vgp) breaks out from the CSM at the breakout radius (Ryp,, dotted red line), where non-thermal production of particles

starts. Neutrino production can take place at the forward shock propagating in the CSM and eventually in the magnetar wind and/or in the jet.

- shock breakout from the stellar surface;

- interaction of the outflows with a dense CSM.

A sketch of the outflow evolution—including a jetted component—and the heating sources is provided in

Fig. 55. Each process heats the ejecta for a duration #4,,. Unless otherwise specified, we assume that ¢y, is the

timescale such that the bolometric lightcurve luminosity has declined by 90% relative to its peak luminosity.
The duration of each heating process is shown in Fig. 56 for our benchmark transient, whose parameters
are listed in Table 10. We assume that the progenitor star of our benchmark transient is a red supergiant.
However, it is unlikely that all considered heating processes simultaneously power the outflow of a collapsing

red supergiant. The parameters in Table 10 should be interpreted as representative of each process rather

than of a specific transient source.
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The total energy radiated by each heating source over the duration of its activity, #4y, in a specific waveband
[Emin» Emax] is

Emax
Era = / dE, Eyn,(Ey) (11.4)
E,

where 7, is the photon distribution resulting from the heating process under consideration. Note that we

refer to the total energy radiated after photons diffuse through the ejecta mass. Throughout the paper, we

consider the following wavebands:

Radio: [ERadio pRadio] _ 14510715 4 x 10713] GeV =[1, 100] GHz;

min °* ~max

Infrared (IR): [ER | EIR

min’ max

]1=[4x10"13,1.7x107°] GeV = [0.75,300] um;
- Optical: [E-P', Eph] = [1.7x 107, 3.3 x 10~°] GeV = [320,750] nm;

Ultraviolet (UV): [EVY,EUVV ] = [3.3x107?,1.2x 1077] GeV=[10, 320] nm;

min® T max

- Xeray: [EXT™ EXT™] = [3x1077,200 % 107] GeV= [0.3,200] keV;

min

- Gamma-ray: [EY. ™ E} ] =[200x 107°,10%] GeV.

min

Following Ref. [129], we assume that radiation quickly thermalizes and relaxes to a black-body distribution
E2

Tdur
BB _ BN
nBB(E,) = /0 arsz(r)eEy/kBTme_l , (11.5)

with kg being the Boltzmann constant, A, (f) = L(t)/ [ /000 dEyEynEB (E,,t)| the normalization constant
and L the emitted luminosity given by Eq. 11.2, which depends on the type of heating source.
The blackbody temperature is

1/4
L@ ] , (11.6)

T28(1) =~ | ———F—
v 0 [47T0'SBRph(t)2

where ogp is the Stefan-Boltzmann constant and Rp, = Rej is the photospheric radius in our approximation.

Care should be taken for the photon spectrum resulting from CSM interactions; see Sec. 11.2.2.6.

The black-body assumption holds as long as the outflow is optically thick. Since the bulk of energy is
emitted near the lightcurve peak with temperature =~ TEB, this is a fair approximation. Note that the total
radiated energy in Eq. 11.4 is calculated in the reference frame of the star, without considering redshift

corrections. For a source at redshift z, the observed energy is Eqbs = Erad/ (1 + 2).
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Table 10: Characteristic parameters for our benchmark transient. Each parameter is defined in the main text for the corresponding heating source. We
consider a red supergiant progenitor. These parameters are meant to represent individual heating processes; only a subset of them is expected to

be at play for a specific transient source class.

Parameter Symbol Value
Ejecta energy Ep e 107! erg
Ejecta mass M. Mo
Fallback time tb 107 s
Fallback mass My, 1072M,
Jet efficiency € 1072
Density contributing to Mp, o 1077 cm™3
Spin-down period Pgpin 10 ms
Magnetar magnetic field B 10 G
Fraction of ejecta mass in SONj i 0.1
Progenitor radius R, 500 Rg
Progenitor mass M, 15 My
Mass-loss rate M,, 5% 1073 Mg yr~!
Wind velocity Vi 100 km s~!
CSM radius Rcsm 2x%20'% cm
Jet isotropic energy Eisoj 3.7x 10 erg
Jet lifetime tj 100 s
Jet Lorentz factor r 300
Jet opening angle 0; 3°
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Figure 56: Duration of the bolometric lightcurve powered by different heating processes (Eq. 11.2). From top to bottom the observed luminosity is powered
by: fallback of material onto a BH, magnetar spin down, >°Ni and 36Co decay, hydrogen recombination, shock breakout from the progenitor
star, CSM interactions in the optically thick and thin regimes, and jet. The vertical line marks the time of breakout from the dense CSM shell
(Eq. 11.19). The time intervals over which neutrino production occurs are displayed for the magnetar scenario, CSM interactions, and the jet.

We mark each heating process with a different symbol. Black symbols denote photons, white ones denote neutrinos.

11.2.2.1 Fallback

When a massive star undergoes gravitational collapse its core collapses into a Kerr BH [326], as predicted
by the collapsar model. Due to fast rotation, the outer layers of the collapsing star carry too much angular
momentum to fall freely into the last stable orbit. Thus, an accretion disk forms, from which both gravitational
and rotational energy can be extracted. Energy may also be released through neutrino cooling [195].

Besides the unbound mass ejected during the collapse, a comparable mass (e.g., from tidal tails) could
remain bound to the central compact object and fallback onto it. The rate at which mass falls back onto the
BH is [602-606]:

M (t) = My 1 (11.7)

5/3°
3t ( 4L )
fb
where My, is the total accreted mass, tg, = (37/32Gp) 172 is the free-fall time scale [561], G is the gravitational
constant, p is the mean density of the collapsing layer contributing to My,. The injected luminosity from this
heating process is [605]
LY (1) = €; Mp,c? | (11.8)

inj

where €; is a constant factor representing the fraction of accreted energy which is used to power the disk
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Figure 57: Ratio between the energy radiated across electromagnetic wavebands as well as neutrinos and the kinetic energy of the ejecta (or the energy of
the jet for the bottom panels). The results are shown for our benchmark transient (see Table 10). The color code as well as the symbols denoting
each heating process are the same as in Fig. 56. Heating from fallback material on the BH, magnetar spin down, 5N, and *°Co decay and
hydrogen recombination lead to emission of radiation in the UVOIR band. The shock breakout produces a flash of light in the UV band. CSM
interactions in the optically thin regime mostly radiate in the radio and X-ray bands, with a substantial energy fraction released in gamma-rays
and neutrinos. A successful jet radiates in the X-ray and gamma-ray bands, whereas the only electromagnetic signature of unsuccessful jets is
the flash of light from the shock breakout emitted in the X-ray/gamma-ray band, depending on the outflow and progenitor properties. The jet

radiates energy in neutrinos both in the optically thin and thick regimes, the former component only existing for successful jets.

wind (or jetted outflow), namely its efficiency. The heating of the spherical ejecta occurs either because of a
jet which becomes unstable and looses power [220] or a mildly-relativistic wind which is launched by the
inner accretion disk and collides with the more massive outflow emitted at the explosion [607]. In both cases,
the energy available to heat the collapsar outflow is given by Eq. 11.8; see also the discussion in Ref. [605].

For a red supergiant progenitor (Table 10), the collapsing layer has mean density 5 ~ 1077 g cm™3,

corresponding to the fallback time tp, =~ 107 s [603]. The total mass accreted in this case is Mg, =~
102 M, [608], resulting in a fallback rate Mg, /¢, ~ 107" M, s~!. Figure 57 (top left panel) shows the energy

radiated across the electromagnetic wavebands (Eq. 11.4) through fallback of matter on the BH, relative to
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the kinetic energy of the ejecta Ey ¢j. For our benchmark transient, the bulk of radiation powered by fallback

onto the BH is emitted in the infrared-optical-ultraviolet (UVOIR) band due to the opacity of the outflow.

X-rays may become observable at later times, yet we do not consider this signal in our treatment as it would

become relevant at larger times than the ones considered in this work; see [607] for details.

11.2.2.2  Magnetar spin down

Assuming a dipole configuration for the magnetic field, the injected luminosity from the spin down of the

compact object is

€dEsq
t 2’
fsd (1 + a)

where Eyq = IQ?/2 is the initial rotational energy of the magnetar, which depends on the moment of inertia

Ly (1) = (11.9)

(1) and angular velocity of the neutron star (2). The spin-down timescale 7y is related to the neutron
star magnetic field B4 = B/(10'*G) and the spin period Pgyin = 27/Q =~ 10 [Esq/(2 x 105 erg)] 7% ms
through [557]

2
Pspin,lO
B — S

fa =4 %107 (11.10)

14

We consider the spin-down injection efficiency to be €4 = 10%, relying on observations of the Crab
Nebula [609]. Furthermore, we carry out our calculations for a neutron star with I = 10 g ecm™2 g
cm™2 [610].

Figure 57 (top central panel) shows the energy radiated (Eq. 11.4) through the magnetar spin down. The
bulk of radiation powered by the spin down of the magnetar is emitted in the UVOIR band. Note that, during
the the time interval that we consider, the outflow is optically thick, hence the non-thermal X-rays produced

by the compact object are reprocessed in the optical/UV bands [132].

11.2.2.3  Radioactive decay of nickel and cobalt

Diffusion of radioactive energy produced by newly sinthetized 3®Ni and subsequently *°Co was investigated

in Refs. [598, 611, 612] analytically. The injected luminosity in Eq. 11.2 can be parametrized as

LN (1) = Myi |€coe™/™ + (exi — eco)e ™"/ ™ (11.11)

where Myi = faiMj is the fraction of the ejecta mass that goes into *°Ni, exi = 3.9 x 1010 erg s7! g~!

(eco = 6.8 x 10° erg s7! g_l) and 7n; = 8.8 days (1¢, = 111.3 days) are the energy generation rates and the

decay rates of 3°Ni (°*®Co), respectively.
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Figure 57 (top right panel) displays the energy radiated across different wavebands (Eq. 11.4) through
radioactive decay of *°Ni and °Co. The bulk of radiation powered by these processes is emitted in the
UVOIR band; also in this case, the resulting bulk of radiation depends on the assumption of optically thick

ejecta.

11.2.2.4  Hydrogen recombination

When the collapsing massive star retains its hydrogen layer, the latter can be ionized by the SN shock.
Hydrogen recombination takes place as the outflow cools to = 5000 K, which is the ionization temperature
of neutral hydrogen and it has been invoked to explain the plateau observed in the lightcurve of some
SNe [613-616]. An analytical model for hydrogen recombination was presented in Refs. [129, 325, 615,
617-619].

The luminosity L, and duration ¢,, of the plateau are [325]

23 [5/6
L5007 k,51 _
L, = 164 ><1042*T ergs™!, (11.12)
ej,10
1/2 ,1/6
t, = 99— *M0 gayg (11.13)

1/6
k,51

where R, 500 = R, /(500 Ry), Eys1 = Ek,cj/(IOSI erg) and Mcj,lO = Mej/(IO M) are the kinetic energy and
the mass of the ejecta, respectively, with Rg and M, being the solar radius and mass.

The injected luminosity from hydrogen recombination is [615]

L (n = Ly

inj o~ (1317047 M)t ° (11.14)

where M, is the peak magnitude, linked to the peak luminosity (L,).
The energy radiated across different wavebands through hydrogen recombination is shown in Fig. 57

(middle left panel). The bulk of radiation powered by hydrogen recombination is emitted in the UVOIR band.

11.2.2.5 Shock breakout

A flash of light is expected when the forward shock driven by the outflow breaks out from the progenitor star.
When the CSM surrounding the collapsing star is very dense, the shock breakout may however take place
when the shock crosses the CSM.

The shock breakout theory has been developed in Refs. [620—622] for non-relativistic and (mildly-

)relativistic shocks. The former is the regime expected for standard core-collapse SNe, while the latter is
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relevant for engine-driven SNe. The models of Refs. [620, 621] are challenged by observations, as they
cannot reproduce the duration and luminosity of the candidate SNe possibly displaying shock breakout, see
e.g. Refs. [623-625]. Yet, an advanced shock breakout theory does not exist to date. In the light of these
uncertainties, we do not adopt any spectral energy distribution for the shock breakout emission. Rather, we

assume that photons with temperature T, are emitted over the time #y,,, with total energy release Ey,,. These

quantities depend on the stellar progenitor radius (R,) and mass (M), as well as on the energy of the ejecta.

For instance, in the case of a non-relativistic shock breakout from a red supergiant one has [620]:

Too = 25¢VM,3R5%5 E{g;;51 ; (11.15)
fho = 300sM)ISRIE, E;SJ:?I : (11.16)
Evo = 9x10% erg M G3° R BV2Ys) (11.17)

where My 15 = My/(15Ms), Ris00 = Rx/(500Ro) and Exejsi = Epej/(10°! erg). The analytical
expressions of these parameters for other stellar progenitors are listed in Appendix A of Ref. [620] for
non-relativistic shocks and Eq. 29 of Ref. [621] for (mildly-)relativistic shocks. Note that the flash of light
produced at the breakout from the stellar surface should be followed by the cooling of the envelope [620,
621]. However, we neglect this contribution, as it is not correlated with neutrino emission and thus not of
relevance for the purposes of this work.

Figure 57 (middle central panel) shows the energy radiated across different wavebands E;.q (Eq. 11.4)
through shock breakout. For our benchmark transient, the non-relativistic shock breakout produces a burst of

photons in the UV band.

11.2.2.6 Interaction with the circumstellar medium

Towards the end of their life, massive stars can undergo eruptive episodes, polluting the surrounding
environment. As a consequence, the collapsing star could have a dense CSM shell. We assume that the CSM
density follows a wind profile

M,

W 11.18
47R%v,, fo ( )

pcsm(R) =
where M,, is the mass-loss rate of the star, v,, is the wind speed, and fq is the fraction of the solid angle with
dense CSM. Unless otherwise specified, we assume a spherically symmetric CSM (fq = 1), extended up
to the external radius Rcsm, where its density is assumed to drop sharply. As the outflow expands in the

CSM, two shocks form: the forward shock, propagating outward and shocking the CSM material, and the
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reverse shock propagating backward and shocking the ejecta (in mass coordinates) [626]. The forward shock
is the main site of dissipation of kinetic energy, whereas the contribution of the reverse shock is expected to
be subleading at the epochs considered in this work and for non-relativistic shocks [546-551]. The slow
deceleration of the forward shock during its interaction with the CSM is not relevant to our purposes, as it
would not affect substantially the neutrino emission; we assume that the interaction with the CSM has a total
duration fqy =~ Rcsm/Vsh, Where v, is the velocity of the forward shock.

The forward shock breaks out from the CSM at the breakout radius Ry, defined through the following
relation

Rcsm

c
Tcsm(Rpo) = / dR pcsm(R)kcsm = o (11.19)
R

bo sh

As the forward shock interacts with the CSM, its kinetic energy is converted into radiation. Within the
approximation of constant shock velocity and efficient shock radiation, the injected and emitted luminosity
coincide [601]:

LSUSM = L(1) = 2rerpesm (1) Ran (1) v, (11.20)

where €. is the efficiency conversion factor of kinetic energy into radiation, Ry, = vyt is the shock radius,

and pcsM is given by Eq. 11.18 and evaluated at Ry, (). As the bulk of radiation from CSM interactions is

radiated around Ry, [592], we assume that the total luminosity emitted in the range Ry < R < Rpo 1S L = L.

Within our simple framework, the effective temperature of the black-body distribution emerging at Ry,
is [601, 627]:
BB 18 2 e
I,” = (%pCSM(Rbo)VSh) . (11.21)
Once the forward shock breaks out from the dense CSM, namely when Eq. 11.19 is fulfilled, it becomes
collisionless. In this regime, photons are mainly produced through bremsstrahlung and emitted in the

X-ray band for vy, > 10* km s~! [628]. The total emitted luminosity produced by the forward shock for

Rvo < R < Rcswm is given by [298, 628]

t
L™ (Resm) = min (0.3 j; 1) Lo , (11.22)

where 4y, and t are the dynamical and free-free electron cooling times defined as in Appendix E.2. The
shock kinetic power Lgy is also defined in Appendix E.2. Note that Eq. 11.22 is estimated at the edge of the

CSM shell (Rcsm).
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After shock breakout from the CSM, the radiation due to CSM interactions no longer relaxes to a black-body

distribution, hence the non-thermal photon spectrum is

E
brem _ gybrem Y - kT,
b (Ey) = Lo —L_ o~ Ey/ks

, 11.23
il ( )

where LP™™ is the total emitted luminosity given by Eq. 11.22 and 7, is the post-shock temperature of

electrons, defined in Appendix E.2.

In the optically thin region of the CSM, particle acceleration leads to production of relativistic electrons.

This case is particularly relevant when shocks are not radiative. As the forward shock expands in the CSM, it

converts the kinetic energy of the blastwave into internal energy. The internal energy density is
92
uine(R) = 3Vsh PCSM » (11.24)

where pcsm is given by Eq. 11.18. A fraction €p of the internal energy density is stored in the post shock
magnetic field Bcsv = V8megin.

A fraction €, of Eq. 11.24 is given to accelerated electrons. The latter mostly cool through synchrotron
radiation [629], whose spectrum for the non-relativistic and mildly-relativistic blastwave is provided in
Ref. [628].

In Fig. 57 (middle right panel) we show the total energy radiated through CSM interactions. We also
display the relative energy emitted in gamma-rays (see Sec. 11.4). The bulk of energy is radiated in the
UVOIR band, whereas bremsstrahlung and synchrotron processes radiate energy mostly in the radio and

X-ray bands.

11.2.2.7 Multiple heating sources

If more than one source contributes to heat the outflow as it expands, the total radiated luminosity is given by
the sum of all contributions: L = ¥, L/(t), where L’ corresponds to the luminosity radiated from the i-th
heating source.

If the outflow propagates in a dense CSM, then the radiation produced by other heating sources (e.g., *°Ni
decay) has to propagate through the total mass Moy = Mej + Mcsm,m, Where Mcsmn = fRIib" dRATR? pcsm(R)

is the mass of the optically thick CSM.
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11.3 MODELING OF THE ELECTROMAGNETIC EMISSION: JETTED RELATIVISTIC OUTFLOWS

In this section, we focus on the modeling of the electromagnetic emission in jetted relativistic outflows,
which differs from the treatment outlined in Sec. 11.2 for the non-relativistic outflows. A bipolar jet may
be harbored in the collapsing star and launched a few ms after the collapse. Given the jet luminosity L;
(assumed to be constant) and lifetime 7}, its injected energy is £; = L;t;. The jet dynamics only depends on
the jet isotropic equivalent energy Ejs,j = Ej/ (95 /4) and Lorentz factor I' [266, 630], where 6 is the jet
opening angle. We parameterize the energy budget of the jet in terms of its energy E; [583], rather than Ey ¢
as we have considered for the non-relativistic outflows (see Fig. 57). Furthermore, our results refer to a jet
observed on-axis (for a discussion on jets observed off-axis see, e.g., Ref. [631]).

Short living engines or progenitor stars which retain the hydrogen envelope, such as partially stripped SNe,
are likely to produce unsuccessful jets [200, 294, 295, 602, 632]. In this case, the jetted outflow does not
breakout from the stellar mantle or it is choked. If the jet is instead powered for sufficiently long time and is

energetic enough, it breaks out from the star and produces a GRB.

11.3.1  Successful jets

The mechanism responsible for energy dissipation and shaping the observed non-thermal emission is
still under debate, with particle acceleration possibly due to internal shocks [286, 291, 292] or magnetic
reconnection [246, 257, 258, 269]. In both cases, the observed electromagnetic signal may originate both in
the optically thick and thin regions of the jet. Following Ref. [231] 2, Fig. 57 (bottom left panel) shows the
total energy radiated by a successful jet across the electromagnetic wavebands, assuming ¢4, = 100 s [324,
633]. We show the largest energy radiated among the GRB models considered in Ref. [231], in order to
obtain an upper limit for the energy budget. Note that the relativistic component of the outflow moves with

constant Lorentz factor I, hence the observed energy is Eqgps = Eragl'/ (1 + 2).

Note that the calculations of Ref. [231] are carried out relying on isotropic equivalent quantities. In order to connect isotropic quantities

with the observed ones, we correct the total isotropic energy by the beaming factor of the jet (0]2 /4).
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We do not consider the deceleration phase of the relativistic jetted component of the outflow. This is
motivated by the fact that the neutrino emission during the afterglow is negligible with respect to the prompt

one [233].

11.3.2  Unsuccessful jets

As the jet propagates through the stellar envelope, it inflates a high pressure region of shocked jet and stellar
material, the cocoon [201, 203-205]. The jet dynamics is highly non-linear due to the mixing with the
cocoon, which slows down the jet while increasing its baryon density [222] (see Ref. [201] for the analytical
modeling of the propagation of a relativistic jet in the stellar mantle). Independently on the fate of the jet, the
cocoon always breaks out from the star [201, 205].

If the jet is smothered within the stellar mantle, the only observable electromagnetic counterpart would
be the shock breakout of the cocoon from the collapsing star. The breakout is expected to occur with
mildly-relativistic velocities, with signatures of asymmetries in the outflow [213, 634]. The fraction of
energy radiated from an unsuccessful jet is shown in Fig. 57 (bottom right panel), for the parameters used in

Ref. [635].

114 NEUTRINO EMISSION

In this section, we summarize the processes leading to neutrino production, namely photo-hadronic (py) and

hadronic (pp) interactions. Furthermore, we outline the methods adopted to calculate the neutrino signal.

11.4.1  Proton spectral energy distribution

The regions of the outflow where protons can be co-accelerated with electrons are the magnetar wind, the
forward shock resulting from CSM interactions and the jet. We now introduce the resulting spectral energy

distributions of protons.
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MAGNETAR WIND. The injected proton energy distribution is [in units of GeV~! em™3] [132]
- &Ny -1
np(Ep) = dE,dv =ApE,", (11.25)
where the normalization constant is A,, = 1.08 x 107 B[} t;?M;/EzPspm ;. with 155 = 1/10°7 s, and the

other quantities are defined as in Sec. 11.2.2. Note that the spectrum of protons accelerated in the magnetar

wind is expected to be hard [n,(E,) o« E;'].

CSM INTERACTIONS. Protons can be accelerated at the forward shock as the SN ejecta cross the CSM.

Efficient acceleration starts at R ~ Ry, [123, 131, 231, 533, 552] and it proceeds over a wide range of
radii, up to the outer radius Roy = min [Rcesm, Raec]. Here, Rgee = Mejvy / M,, is the deceleration radius,
corresponding to the distance from the center of explosion where the outflow has swept-up a CSM mass
comparable to Me;.

The injected proton energy distribution at the forward shock is [in units of GeV cm™3]:

2

—k,
v = ArEr " OEp = Epmin)O(Epmax — Ep) (11.26)
p

np(Ep) =

where k,, = 2 is the proton index for non-relativistic collisionless shocks [398]. The minimum proton energy
for non-relativistic shocks is Ep, nin = m pc2 (for mildly-relativistic shocks, the minimum proton energy is
E pmin = I'snm pcz, where Iy, = 1/4/1 = (vgn/c)? is the shock Lorentz factor; since for mildly-relativistic

shocks I'sy < 2, the correction to the minimum proton energy does not affect our results for the neutrino

signal substantially), while the maximum energy E, max is obtained by the condition t,‘,}acc = t;’lcool, where
-1 . . -1 . . . .
1, acc 18 the proton acceleration rate and 1, cool 18 the proton total cooling rate; see Appendix E.1 for the

proton cooling rates.

The normalization constant is A, = 96pn,,,CSM(R)mpcz/[81n(E,,,maX/Ep,mm)] (ven/c)?. Here, €p is the

fraction of the blastwave internal energy expressed by Eq. 11.24 which is stored into accelerated protons.

Finally, n,, csm = pcsm/m p is the CSM proton number density.

JETTED OUTFLOWS. Protons accelerated in the jet follow a power-law spectrum [85]. The proton
distribution in the comoving frame of the jet (we denote quantities in this frame as primed: X’) reads [in

units of GeV cm ™3]

AN ’ a
’_ E p
n,(E}) = ® =ALE, kpexp[—( P ) ]@(E’—E’ ), (11.27)

P dEjdv’ — P E; p = Zpmin

p.max

206



11.4 NEUTRINO EMISSION

where «, mimics an exponential cutoff [543] and @ is the Heaviside function. The minimum energy

of accelerated protons is E . =m pc2, while their maximum energy is obtained equating the proton
p,m

1n

acceleration rate with the proton cooling rate, namely t;,_‘alcc = t;,_ Clool; see Appendix E.1 for the proton cooling

rates in the jet. A}, = €;.a€; pE/ . /(47rR§ct;.) is the normalization constant, where €, ,, is the fraction of

the dissipated isotropic energy of the jet €; 4 £}, which is stored in accelerated electrons; R; is the position
along the jet where proton acceleration takes place, while t;. = t;I" is the comoving jet lifetime.

The microphysical parameters €; 4 and €; ;, depend on the process assumed to be responsible for energy
dissipation along the jet. The spectral index is k,, = 2.2, if acceleration occurs at relativistic collisionless

internal shocks or sub-shocks [85, 89], while it depends on the magnetization of the jet if protons are

accelerated through magnetic reconnection [99].

11.4.2  Neutrino production channels

PROTON-PHOTON (p7y) INTERACTIONS. Electrons co-accelerated with protons cool producing a
photon distribution which serves as a target for accelerated protons. Neutrinos are mainly produced through

the A* resonance [115, 117]:

n+n* 1/3 of all cases
Pty — AT —> (11.28)

p+n° 2/3 of all cases .

Subsequently, neutral pions decay into gamma-rays 7° — 2y, while charged pions decay producing
neutrinos 7t — u* +v, — ¥, +v. +e*. Unless otherwise specified, we do not distinguish between

neutrinos and antineutrinos in the following.

PROTON-PROTON (pp) INTERACTIONS. Accelerated protons can interact with a target of non-
relativistic protons, producing neutral and charged pions [116]. Subsequently, pions decay as detailed above
for py interactions. Throughout the paper, we consider the energy radiated in gamma-rays both through the

electromagnetic processes discussed in Sec. 11.2 and through pp interactions.
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11.4.3  Expected neutrino emission

Both py and pp interactions can take place in the magnetar wind, at the external shock driven by the outflow
in the CSM and in the jet. The duration of the expected neutrino signals in the wind of a central magnetar
and at CSM interactions is summarized in Fig. 56 for our benchmark transient, whose parameters are listed
in Table 10. Along the jet, neutrino production takes place throughout the whole jet lifetime ;.

Both neutrinos and photons at CSM interactions are produced through the dissipation of kinetic energy
of the blastwave as the forward shock expands within the optically thin CSM. Consequently, the duration
of the electromagnetic and neutrino signals in Fig. 56 is similar. On the contrary, neutrino production in
the magnetar wind starts when photopion production becomes efficient and it ceases when pion production
freezes out [132]; these times are defined in Appendix E.1. As the processes producing photons and neutrinos

in the magnetar wind are not correlated, their duration in Fig. 56 is different.

MAGNETAR WIND. Protons accelerated in the wind of the magnetar can undergo both py and pp
interactions. The injected proton energy distribution is given by Eq. 11.25, while thermal optical photons
and non-thermal X-ray photons produced in the wind nebula serve as targets for pvy interactions.

We calculate the total energy emitted in neutrinos in the magnetar wind following Ref. [132]:

2/3 p=4/34,-1/4 p—1/2 -1/6
EY =~ 17x 104238 M, _/zpsph/l’_fmaéﬁz fofa fhy erg (11.29)

where 7_; = /107! is the acceleration efficiency in the magnetar wind nebula normalized to its nominal

value, €mnag,—2 = €Emag/ 1072 is the nebula magnetization parameter, whose nominal value is motivated by

observations of the Crab Nebula [636]. Finally, fsﬁp is the suppression factor for pion creation, while f(, and
H

The fraction of the ejecta kinetic energy emitted in neutrinos in the magnetar wind is shown in Fig. 57 (top

central panel) for our benchmark transient.

CSM INTERACTIONS. Accelerated protons follow the input energy distribution in Eq. 11.26 and can
interact with the photon spectrum produced at the forward shock. Furthermore, accelerated protons undergo

pp interactions with the non-relativistic CSM protons.

wup are the suppression factors for neutrino creation from 7= and u* decays, respectively (see Appendix E.2).

208



11.4 NEUTRINO EMISSION

In most cases, p7y interactions at the forward shock are subleading for non-relativistic and mildly-relativistic
shocks [65, 123, 131, 233, 234, 533]. This result also holds when the shocks are radiative, as the energy
threshold for py interactions can be reached only when the CSM covers a small fraction of the solid angle
(fo < 1), which is not the case for SNe [298, 637]. Therefore, we only consider pp interactions as a viable
neutrino production channel at the forward shock. We calculate the total energy emitted in neutrinos through
pp interactions following Refs. [116, 533]. The fraction of the ejecta kinetic energy radiated in neutrinos

from CSM interactions for our benchmark transient is shown in Fig. 57 (middle right panel).

JETTED OUTFLOWS. In a magnetized jet, neutrino production begins in the optically thick part of
the outflow [236, 635]. Hereafter we rely on the results of Ref. [635] for the expected neutrino signal. In
particular, we consider the case with initial jet magnetization oy = 200 of Ref. [635].

In the absence of jet magnetization, neutrino production below the jet photosphere may take place only
if the jet is smothered in an extended envelope surrounding the progenitor core. We refer the interested
reader to Refs. [234, 235] for the neutrino signal expected in this scenario, and we explicitly include it in our
calculations in Sec. 11.5. However, in Fig. 57 (bottom right panel) we only show the case of a jet smothered
in a Wolf-Rayet progenitor star.

In the optically thin region of the jet, the input proton distribution is given by Eq. 11.27. The non-thermal
photon distribution that serves as target for py interactions depends on the mechanism assumed for energy
dissipation. We rely on Ref. [65] and take the maximum energy radiated in neutrinos across the different GRB
models considered in the aforementioned reference. In the optically thin part of the jet, the baryon density is
not large enough for pp interactions to be efficient [65]. Therefore, we only consider py interactions as the
viable channel for neutrino production.

In the bottom left panel of Fig. 57 we show the energy radiated by a successful jet in neutrinos both in the
optically thick and thin regimes. However, we warn the reader that the results for the optically thick regime
outlined in Ref. [635] are obtained for a jet with isotropic luminosity larger than the one assumed for the
optically thin component in Ref. [231]; the comparison in the bottom left panel of Fig. 57 is intended to be

representative.
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11.5 TRANSIENTS FROM COLLAPSING MASSIVE STARS

In this section, we present the energy radiated through the mechanisms outlined in Sec. 11.2 across the
electromagnetic wavebands as well as in neutrinos, for the transients originating from collapsing stars: SNe
Ib/c as well as SNe Ib/c broad line (BL) and GRBs, SNe IIP, SNe IIn, SLSNe, and LFBOTs. The considered
transient categories together with the characteristic parameters adopted for each of the heating processes are
listed in Table 11. While a range of parameters should be considered [129], we aim to compute ballpark
figures for the source energetics to gauge the best multi-messenger detection strategies.

One should also consider neutrinos from the shock breakout from the progenitor star. A calculation of the
neutrino signal arising from the breakout of a (quasi) spherical outflow has been attempted in Ref. [236],
which concluded that other dissipation mechanisms taking place within the outflow dominate the time
integrated neutrino signal. Furthermore, the photon spectrum emerging from shock breakout is highly
uncertain and it is challenging to reproduce observations. In the light of such uncertainties, we neglect

neutrinos in the energy budget of shock breakout and leave this task to future work.

11.5.1  Supernovae of Type Ib/c, Ib/c broad line and gamma-ray bursts

Type Ib/c SNe and GRBs are thought to be linked to massive and compact hydrogen-depleted stars, which
experience reduced mass loss (M,, =~ 1077-10"% Myyr~') [638—640]. The wind velocities are typically
vy =~ 10° km s~! [586]. For Type Ib/c SNe, *°Ni decay, CSM interactions and shock breakout of a
non-relativistic outflow from a Wolf-Rayet star can contribute to heat the outflow.

Figure 58 (top left panel) shows the fraction of energy radiated across different electromagnetic wavebands
and in neutrinos for SNe Ib/c. Radioactive decay of *®Ni is the most relevant heating source for SNe Ib/c and
it radiates the bulk of energy in the UVOIR band, with EVYOR/E} . ~ 1074,

The forward shock mediating CSM interactions is the only site of neutrino production for SNe Ib/c, as
detailed in Sec. 11.4. Due to the small mass-loss rates of Wolf-Rayet stars [641], this class of SNe is not
expected to radiate a bright neutrino signal (E”/Ey ¢ < 10711, consistently with the findings of Ref. [123].
However, about 10% of SNe Ib/c show signs of late time interaction with a dense CSM [586], starting

> 1 year after the explosion [SNe Ib/c late time (LT)]. SNe Ib/c LT can release an amount of energy in
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Table 11: Characteristic parameters for each class of transients originating from the collapse of massive stars considered throughout this work.

Parameter SNe Ib/c  SNe Ib/c BL with jet SNeIIP SNelln SLSNe LFBOTs

Ejgj [erg] 10! 103 109! 10°! 107 1032
M [Mo] 1 1 5 2 5 107!
M/t Mo s™'1  N/A 5x 1074 N/A N/A N/A  15x1078

€ N/A 0.01 N/A N/A  N/A 0.01
£ [em™3] N/A 100 N/A N/A N/A 1077
Papin [ms] N/A N/A N/A N/A 5 1
B[G] N/S N/A N/A N/A 10' 103
i 0.1 0.15 1073 0.01 0.01 0.01
Ry [Ro] 4 4 500 434 434 434
M,, Mg yr~!] 1073 1073 1073 1072 1072 1073
vy [kms1] 1000 1000 15 100 100 1000
€off 0.1 0.1 0.1 0.1 0.1 0.1
€ 107! 107! 107! 107! 107! 107!
e 107! 1072 1072 1072 1072 1072
€& 107! 107! 107! 107! 107! 107!
Ejso, lerg] N/A 3.7x10% N/A NA  NA  25x10%3
r N/A 300 N/A N/A  NA 100
0; N/A 3° N/A N/A  NA 6°
€ N/A 0.2 N/A N/A  N/A 0.2
€ p N/A 0.1 N/A N/A  N/A 0.1

neutrinos larger than standard SNe Ib/c. An investigation of the neutrino production due to CSM interactions
for this class of SNe can be found in Refs. [123, 642].

The number of SNe observed with broad spectral features similar to the ones of SN 1998bw—dubbed
SNe Ib/c broad line (BL)—is growing [643-645]. Many of these SNe are not observationally linked to
GRBs [643], even though their ejecta move with mildly-relativistic velocity (vej 2 0.1¢), hinting that the
explosion mechanism may be different from the one of standard core-collapse SNe. It has been suggested
that the explosion of SNe Ib/c BL is not spherical, but either accompanied by an off-axis GRB [646] or a jet

that barely fails to break out from the stellar mantle [199]. Due to the very high energies, SNe Ib/c BL and
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GRBs are usually modeled by considering a spinning BH [325, 630, 647] or a magnetar [563, 648, 649] that
powers the outflow.

For the class of SNe Ib/c BL, the contribution of fallback material onto the central compact object should
be included as an energy source. The fraction of energy radiated across different electromagnetic wavebands
and in neutrinos for SNe Ib/c BL is shown in Fig. 58 (top central panel). Fallback of matter on the BH
constitutes the most important heating source for SNe Ib/c BL, with E UVOIR [Ekej =2X% 10~%. If the central
engine is not efficient then radiation is powered by °Ni decay only. Similarly to SNe Ib/c, CSM interactions
are not an efficient neutrino production mechanism for SNe Ib/c BL (E”/Ey ¢ < 107 10y,

Assuming that SNe Ib/c BL harbor an unsuccessful jet, shock breakout of the cocoon from a Wolf-Rayet
star produces a burst of radiation in the X-ray band, with EX~™ /E; ~ 1076. A bright neutrino signal
(EV/E; = 107" is expected only if the unsuccessful jet is magnetized and points towards Earth, as detailed in
Sec. 11.4. If the jet is successful, as in the case of GRBs, the bulk of energy is emitted in the X-ray/gamma-ray
band [(EX~™ + EYTW)[E; ~5x 1072], as shown in Fig. 58 (top central panel). In this case, the expected

neutrino (EYV/E; =~ 5 X 1073) and electromagnetic signals are observable on Earth only if the jet is on-axis.

11.5.2  Supernovae of Type IIP

Type IIP SNe originate from red supergiants, massive stars which retain the extended hydrogen envelope.

The abundance of hydrogen in their progenitor may cause the plateau of variable duration observed in the
light curve of these SNe due to hydrogen recombination [613-616].

Typical values for the mass-loss rates of red supergiant stars are M,, ~ 1071073 M, yr~!, with wind
velocity v,, ~ 10 km s~ 1 [586]. Nevertheless, larger CSM densities are inferred from the observation of
SNe IIP, with M,, ~ O(1073) Mg yr~!' [650-652]. Such large densities can be explained invoking eruptive
mass loss of the progenitor star ~ O(1) year before the SN explosion [650, 653, 654]. Besides hydrogen
recombination, S°Ni decay can heat the SN outflow, together with CSM interactions. Recent work shows
that fxi = Mni/Me; < 0.05 [655], thus the contribution from the radioactive decay of 6Ni is expected to be
subleading.

The total energy radiated across all electromagnetic wavebands and the neutrino energy budget are

shown in Fig. 58 (top right panel) for the parameters in Table 11. The bulk of energy radiated in the

212



11.5 TRANSIENTS FROM COLLAPSING MASSIVE STARS

) SN Ib/e ) SNe Ib/e BL with jet ) SN 1P
10 10 10
» Fallback W Shock breakout
| . Spin down (photons) ® " CSM interactions (photons)
10 7 | WO Spin down (neutrinos)  BCM CSM interactions (neurinos) 10°F 1 10°F 1
o 55Ni/58Co decay * Jet (photons)
4 | 7% Hrecombination Jet (neutrinos, optically thin) . i
10 ¢ B Jet (neutrinos, optically thick) 107 F | 10" F 3
7 B Adiabatic expansion T 5
S M6 o6
S 100F 3 S 10°F 1 I 10°F E
B R )
o w 5
10 F E 10k 1 10'F 1
0 L {1 w0vf ]
o om em Yo o
L i e oEMk SEMA OHPX OVA Ok Lf e oxm  exm ex . .
10 10" 10 S s
o d @ N e o @ @ 8 o N @ W e N
B R e R P e R R R e R ST N
) SN IIn ) SLSNe ) LFBOTs
10 10 10
10°F E 10’ F 1 102k E
10 1 10 3 10 1
T T T
uf 6 h} 6 "‘T o
20’k 420k {12 10°F 1
& ? B
5 ) o
10 g 10" F 1 10"k E
10"k E 10"k ] 10" F E
ol e em om em o . bl e n ofm ofm o . ol ® - > > o e
10" 10 10 S N
o & & o R o @ @ W e s ® N S W e
W e o Wt W 8 o o T NS L R SR N\

Figure 58: Ratio of the energy radiated across electromagnetic wavebands and in neutrinos (Eq. 11.4) and the kinetic energy of the ejecta (or energy of the
jet) for SNe Ib/c, SNe Ib/c BL with jet, SNe II-P, SNe IIn, SLSNe and LFBOTs (from top left to bottom right, respectively). The color code
for each process as well as the symbols denoting each heating process are the same as in Fig. 56. For each transient, we assume the fiducial
parameters in Table 11. If the transient is engine driven, then the bulk of radiation is emitted in the UVOIR band through either fallback of
matter onto the BH or the magnetar spin down. In the case of successful jet (GRB), most of the energy is emitted in the X-ray/gamma-ray bands,
whereas a dimmer flash of light in the same bands resulting from shock breakout is expected for unsuccessful jets. If a dense CSM surrounds the
collapsing star, then a significant fraction of energy is radiated in the UVOIR, radio and X-ray bands. In this case, also bright gamma-ray and
neutrino signals are expected. Finally, when the heating source is either radioactive SONi decay or H recombination, the outflow radiates energy

in the UVOIR band.

UVOIR band is produced through CSM interactions (EVYOR /E; i ~ 107%) and hydrogen recombination
(EVVOR) Epej =~ 6X 1073). Significant X-ray emission is also expected due to bremmsthralung as the ejecta
propagate in the optically thin CSM (EX~™ /E; o; = 7 x 107°). These results depend on the assumption of
eruptive mass-loss episodes prior to the stellar collapse. If typical mass-loss rates of red supergiants were
adopted, the energy in the UVOIR band would be radiated through hydrogen recombination and the X-ray
energy would be a negligible fraction of the explosion energy. This may be the case for most of the SNe IIP,

as suggested by the lack of X-ray bright SNe IIP [656]. Due to the large CSM density, neutrinos are produced

with EY /Egej ~ 1074,
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11.5.3  Supernovae of Type IIn

Type IIn SNe show clear signs of strong CSM interactions and some of them may linked to luminous blue
variable, red supergiants or yellow hypergiant stars [657, 658]. The mass-loss rate of the surrounding CSM
ranges between M = 107*-10 M, yr! [638, 659], with wind velocity v,, ~ 30-600 km s~!. As a result of
the dense CSM, this class of SNe exhibits signs of strong CSM interactions.

We consider CSM interactions and *® Ni decay as the main processes contributing to the heating of the

outflow. The results are shown in Fig. 58 (bottom left panel) for the parameters in Table 11. The bulk of

energy is emitted in the UVOIR band and it is produced by CSM interactions, with EVVOR /E kej = 4 X 1072,

A significant amount of energy is also emitted through non-thermal processes in the radio ER*4i°/E kej = 1073

and X-ray bands EX™™ /E; o; = 5x 1073, Due to the large CSM density, E¥ /Ey¢j ~ 3.3x 1073.

11.5.4  Superluminous supernovae

SLSNe are an emerging class of SN explosions whose optical luminosity is ten or more times larger than
standard core-collapse SNe [126]. They can be broadly classified as H-poor (Type I) and H-rich (Type 1)
SLSNe; the lightcurve of many H-rich SLSNe is consistent with the interaction of the SN outflow with a
dense CSM [660], similarly to the case of SNe IIn. The mechanism powering Type I SLSNe is not clear, even
though observations suggest that these transients may be powered by a magnetar [607, 609], which would
explain the observed large kinetic energy of the outflow and radiation output [584, 661]. On the contrary,
Type II SLSNe exhibit signs of strong CSM interactions, like SNe IIn, and they are thought to be powered by
CSM interactions [662]. Since hybrid mechanisms invoking magnetar spin down, CSM interactions and S6Nj
decay can also be considered for this class of transients, we include all these heating sources [663, 664].
The energy radiated across the electromagnetic wavebands and neutrinos is displayed in Fig. 58 (bottom
central panel) for the parameters in Table 11. Most of the energy is radiated in the UVOIR band, thanks to
interactions with the CSM (EYYOIR /E; i =~ 10~!) and spin down of the magnetar (EVYOIR /Ey o ~ 2.4 x 1074).
A significant amount of energy is also emitted in X-rays through bremmstrahlung (EX~™ /E kej = 1072).

Due to the large CSM density, a bright neutrino counterpart is expected. Furthermore, neutrinos can
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be produced in the magnetar wind. The fraction of energy radiated in neutrinos is E/Ey ¢ = 2 X 1073

(E”[Epej =4 X 10~#) for CSM interactions (for the magnetar wind).

11.5.5 Luminous fast blue optical transients

Luminous FBOTs (LFBOTSs, namely FBOTs with optical luminosity Loy 2 10* erg s™!) are an emerging
SN-like class reaching peak luminosity in less than 10 days [143-145, 296], whose observed outflow
asymmetry and variability of the X-ray light curve hint towards the presence of a compact object [147, 148,
153]. The latter should be responsible for the ejection of the observed asymmetric and fast outflow [148, 665].

One of the scenarios proposed to explain LFBOT observations invokes the collapse of a massive star,
followed by the launch of a jet which inflates the cocoon [153]. The star may not be completely depleted of
hydrogen, thus the jet may fail in breaking out and be choked in the stellar mantle. This scenario would
explain the lack of direct association between gamma-rays and LFBOTSs [297], as well as the asymmetric
outflow and the hydrogen lines observed in the spectra of some LFBOTSs [148, 149, 152].

Radio observations suggest that a fast blastwave drives the shock moving with vg, 2 0.1c in the dense
CSM, extended up to Rcsm 2 10'¢ cm. Even though observations reveal an asymmetric CSM, using the
normalization in Eq. 11.18, M,, = 107*~1072 My, yr~! is inferred, for a wind velocity v,, ~ 1000 km
s™1[147, 148, 152].

The energy radiated across the electromagnetic wavebands and in neutrinos is shown in Fig. 58 (bottom
right panel). We rely on the benchmark parameters in Table 11 and consider CSM interactions, >°Ni decay,
magnetar spin down, matter fallback, and shock breakout from a massive star that is not completely hydrogen
stripped star. Additionally, we consider the possibility that radiation is emitted through the adiabatic expansion
of the ejecta [153], whose output luminosity is described by the homogeneous solution in Eq. 11.3. However,
we warn the reader that the mechanism powering LFBOTS is still uncertain and that they may not be linked to
collapsing massive stars, see e.g. Ref. [154].

Following Ref. [234], we consider CSM interactions and a jet choked in an extended envelope surrounding
the progenitor core as sites of neutrino production. We show the most optimistic scenario considered in

Ref. [234] as a representative case, however the results are model dependent. The assumed total energy of
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the explosion only holds if LFBOTs originate from the core collapse of a massive star, whereas different
origin (e.g. cf. Ref. [154]) may affect the energy budget considered in this work.

From Fig. 58, we deduce that most of the energy is emitted in the UVOIR band, with EVVOR/E kej =

1.6x 1072 (EVVOR / kej = 5 X 10~%), through adiabatic expansion of the outflow (magnetar spin down).

Radioactive decay of >°Ni does not contribute significantly to the emitted radiation in the UVOIR band [149].

This is consistent with the model outlined in Ref. [236], where most of the energy is radiated through the
cooling of the cocoon inflated as the jet propagates in the stellar envelope. Consistently with observations,
synchrotron radiation from accelerated electrons is responsible for the observed radio emission [147, 148,
152], with ERadio/ kej = 1077, Neutrinos can be produced through CSM interactions and in the magnetar
wind, with E” /Ej ¢j ~ 2 X 10-7 and EY[Eje ~5X% 1073, respectively. For the assumed choked jet scenario,

neutrinos are produced with EY /Ey ¢; = 1075,

11.6 CONNECTION BETWEEN ELECTROMAGNETIC EMISSION AND NEUTRINOS

In this section, we investigate the correlation between electromagnetic radiation and neutrinos from transient
sources resulting from massive stars. Since neutrino emission is expected for sources powered by the
magnetar spin down, CSM interactions or sources harboring a jet, we focus on these scenarios. The magnetar
spin down could be applied to the case of SLSNe and LFBOTs. On the other hand, SNe IIn, IIp, SLSNe as
well as LFBOTs may have efficient CSM interactions. Efficient neutrino production is also expected in GRB
jets and in jets smothered in an extended envelope, which may be the case for LFBOTs.

If the CSM is not very dense, a small fraction of the ejecta kinetic energy is radiated in neutrinos and the
neutrino counterpart is not bright enough to be detected. This may be the case for non-jetted SNe Ib/c or SNe
IIP which do not show signs of strong CSM interactions. Therefore, if the observed transient is only powered
by °Ni decay or hydrogen recombination and does not show any signs of engine or CSM interactions, we

expect the corresponding neutrino signal to be negligible and do not discuss this case further.
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Figure 59: Isocontours of the total energy radiated in neutrinos E”

i (Eq. 11.29) for transients whose UVOIR lightcurve is powered by the magnetar spin

down, in the plane spanned by the magnetar spin Pypi, and magnetic field B. The brown dashed isocontours are displayed to guide the eye.
The solid black isocontours mark benchmark values for the peak of the UVOIR luminosity, which is degenerate with respect to (Pgpin, B).
For a transient whose UVOIR lightcurve is powered by the magnetar spin down, the expected energy radiated in neutrinos can be inferred by

localizing the transient in this plane.

11.6.1 Magnetar spin down: Superluminous supernovae and fast blue optical transients

A magnetar could power the emission of SLSNe and LFBOTS: (see Fig. 58). As the spin down of the magnetar
powers bright UVOIR radiation, we can correlate the neutrino signal with the electromagnetic signal.

Figure 59 shows contours for the total energy radiated in neutrinos from the magnetar wind (Eq. 11.29), in
the plane spanned by the magnetar spin Pgpi, and the magnetic field B. The black solid lines mark the values
of the peak bolometric luminosity in the UVOIR band for each (Pgyin, B) pair. The results are shown for
Eprej = 10°% erg and M = Mo, however Eq. 11.29 should be used for a given kinetic energy and mass of
the ejecta. These parameters can be inferred from the bolometric lightcurve, which gives information on
the photospheric velocity and the rise time; the former scales as vpy o m , while the latter goes like
trise = 1q & /M.

The peak luminosity (LllojkV OIR) is degenerate with respect to the (Pspin, B) pairs. The only way to break this
degeneracy is to complement the information from the UVOIR band with the non-thermal signal produced

by the compact object observable in the X-ray band. To a first approximation, the total energy of non-thermal

photons is proportional to the magnetic field E,_, o B2, whereas it is independent on the spin Pgpi, [132].
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Note that we have not considered the non-thermal signal in Sec. 11.2, as its modeling is affected by large

theoretical uncertainties (see Ref. [132] for details).

4

The total energy radiated in neutrinos (E};

) from a transient powered by the magnetar spin down can be
obtained from Eq. 11.29, with the characteristic parameters inferred combining observations in the UVOIR
and X-ray bands. From Fig. 59 we conclude that sources with a bright UVOIR signal consistent with the spin
down of a magnetar are expected to produce a very bright neutrino counterpart. Intriguingly, if neutrinos
should be detected in coincidence with the UVOIR signal, the total energy emitted in neutrinos can be
combined with the peak of the bolometric UVOIR lightcurve to break the degeneracy between Pgpi, and B,
as shown in Fig. 59.

Note that we consider time-integrated quantities, yet neutrino production in the magnetar wind starts

later than the UVOIR radiation, at 7, j, ~ 1.4 X 105778/12531_41 8/25 30150 P?/ % 68/ 2 5. The neutrino flux is
» - ej,—2" spin,—3"B,-2

expected to be maximum at ¢, max = 9.3 X 105n1_/13B;f/3M;j/i2P:;i2n _362/6_)2 s. This time does not correspond
to the peak of the UVOIR light curve, which is expected around 10—100 days [129]. For example, for the
benchmark transient in Fig. 56, the neutrino signal peaks at r ~ 34 days when the production of thermal

UVOIR radiation already stopped. Therefore, the search for neutrinos from a magnetar-powered transient

should be performed for ¢, i, <t < ) max-

11.6.2  Circumstellar interactions: Supernovae IIP, lIn, superluminous supernovae, and luminous fast blue

optical transients

When the observed transient exhibits strong signs of CSM interactions in the UVOIR light curve, bright radio
and X-ray counterparts are expected— modulo absorption processes taking place in the CSM—together
with high-energy neutrinos; see also Refs. [131, 552]. Here, we focus on the relation existing between the
synchrotron radio and neutrino signals produced by the decelerating blastwave. This case is of relevance for
SNe IIP and IIn, SLSNe, and LFBOTs (see Fig. 58).

For these transients a direct temporal correlation between the synchrotron radio and neutrino signals can

be established, since both signals are produced through non-thermal processes in the proximity of the same
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blastwave. As the outflow propagates in the dense CSM, the forward shock converts its kinetic energy into
internal energy, whose density at each time ¢ is given by Eq. 11.24. The energy density stored in protons is

2 de Uint

u,(t) ~E ~ € )
p( ) pdEpdV pln(Ep,max/Ep,min)

(11.30)

where we assume the injection spectrum given by Eq. 11.26.
Neutrinos are produced at the forward shock trough pp interactions (Sec. 11.4). The neutrino energy

density in the blastwave at each radius R can be approximated as [298]
1 -
u,(R) ~ Eup(l—e er) (11.31)

where u,, is given in Eq. 11.30 and 7}, is the optical depth of relativistic protons. The latter is given
by Tpp = Opphip.csmBsh for Ep, = Ejp max, while 7, = tayn/tpp for E, < Ep max. Here, E}, max, tayn and
tpp are the maximum energy, the dynamical and pp interaction timescales of protons accelerated at the
external shock, respectively; see Appendix E.1. Finally, the cross section for pp interactions is assumed to be
independent of energy (07, = 5% 10726 cm?).

The total energy emitted in neutrinos from the transient during its interaction with the CSM is

Rmax
El = /R dR4A7R*u, (R) , (11.32)

bo

where Ry, is the breakout radius (Eq. 11.19) and R,y is the outer edge of neutrino production region defined
as indicated in Sec. 11.4. From Eq. 11.32, we deduce that the total energy emitted by the blastwave in

neutrinos is related to the upstream CSM density and the blastwave velocity at the considered time. The same

dependence holds for the flux radiated in the radio band, which is produced through synchrotron losses [628].

While the total energy radiated in neutrinos scales with €, the radio signal strongly depends on eg. Thus,
the ratio EY, /ER4i « €, /ep. Typical values inferred from observations are ez = 1073~ 1072 [666], while
the fraction of energy stored in protons accelerated at the forward shock is expected to be €, < 0.1 [667,
668]. Therefore, when a bright radio source whose signal is consistent with synchrotron radiation is detected,
its radio flux sets a lower limit on the total energy emitted in neutrinos by the expanding blastwave.

Figure 60 shows the contour plot of the total energy radiated in neutrinos, in the plane spanned by
the upstream CSM density ncsy and the blastwave dimensionless velocity Ssy = vsh/c, both measured at
t = 100 days. We use €, = €, = 107! and €5 = 1072 in our calculations. Radio data allow to measure the

CSM density at the time ¢, while the velocity of the fastest component of the ejecta Sy, can be inferred from

radio data of the transient [629, 669]. A transient whose radio signal is produced through interactions of
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Figure 60: Isocontours of the total energy radiated in neutrinos (Eq. 11.32) through CSM interactions, in the plane spanned by the upstream density ncsm
and the shock adimensional velocity Bsn = vgp/c, both measured at ¢ = 100 days after the explosion. The solid black (dashed purple) lines mark
the peak of the radio flux L]:k“di" (peak frequency vyx) for g = 0.01 and €, = 0.1. We exclude the region of the parameter space producing
neutrinos with energy E, max < 100 TeV throughout the duration of CSM interactions; see main text for details. When a transient bright in radio
is detected and its light curve is consistent with synchrotron radiation, the (ncsm, Bsn) pair can be inferred and the expected energy radiated in

neutrinos at a fixed time can be estimated from Eq. 11.32.

the outflow with the CSM can be located in the (ncsm, Bsh) plane. Once the (ncsm, Bsh) pair is fixed, the
observed peak radio luminosity LpR]fdiO and peak frequency vpx can be obtained simultaneously only for a
specific (ep, €.) pair and vice-versa [670].

The minimum luminosity radiated in neutrinos can be inferred from radio observationas LY. =~ LplediO Vpk-
The total energy in neutrinos E}, can be estimated locating the transient in the plane in Fig. 60. Otherwise,
once the (ncsm, Bsh) pair is inferred from radio observations, the corresponding £, can be estimated from
Eq. 11.32.

In summary, transients detected with a bright radio counterpart are expected to produce a bright neutrino
signal. As neutrinos and radio photons are produced over the same time interval during CSM interactions
(see Fig. 56), it is fundamental to identify radio sources at early times, in order to quickly initiate follow-up
neutrino observations. However, we stress that the neutrino curve is expected to peak at a time likely shifted
with respect to the one when the radio and optical light curves peak [231, 592]. The procedure outlined here
can be performed at different times of radio observations.

We exclude in Fig. 60 the region of the parameter space leading to the production of neutrinos with

maximum energy E, max = 0.05E, nmax < 100 TeV throughout the duration of CSM interactions. In fact, the
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neutrino events detected below 100 TeV are contaminated by the atmospheric background and astrophysical
neutrino detection would be challenging [32].

If neutrinos are produced as a result of CSM interactions, then a gamma-ray counterpart should be also
expected [123, 642]. However, gamma-rays undergo y-y and Bethe-Heitler processes before reaching Earth,

making the correlation with the corresponding neutrino signal less straightforward.

11.6.3  Jetted transients

The neutrino signal produced in the optically thin part of GRBs is strictly correlated with X-ray/gamma-ray
radiation and its detectability has been extensively discussed in Ref. [65]. We refer the reader to the criterion
outlined in Ref. [590] for the detectability of neutrinos from GRBs whether the bolometric X-ray/gamma-ray
light curve is powered by internal shocks. The criterion does not hold if energy is dissipated through magnetic
reconnection along the jet, and the correlation between neutrinos and photons is no longer trivial.

When a GRB is detected electromagnetically, correlated neutrino searches should be carried out also at
energies 10~! < E, < 10° GeV, since neutrinos may be produced in this energy range in the optically thick
part of the jet [635]. Subphotospheric neutrinos could be easily differentiated from the prompt signal, as
the latter peaks at energies E, =~ 10° — 10® GeV [231]. We note that neutrinos produced in the optically
thick part of the jetted outflow do not have any direct electromagnetic counterpart, yet their detection in the
direction of a GRB could be the smoking gun of the jet magnetization.

The only electromagnetic counterpart of unsuccessful jets would be the flash of light in the hard X-ray/soft
gamma-ray band [200, 621] due to the shock breakout of the cocoon, as discussed in Sec. 11.3. Neutrinos with
energy 10~! < E, < 10° GeV [635] can be produced below the photosphere, if the jet is magnetized, while

a neutrino signal peaking at E, ~ 10° GeV may exist if the jet is smothered in an extended envelope [234].

117 DETECTION PROSPECTS

In this section, we explore the detection prospects of neutrinos emitted from the transients considered
throughout this paper (all of them already observed electromagnetically). Finally, we discuss the best strategy

for follow-up searches of single transient sources and stacking searches.
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11.7.1 Expected number of neutrino events

In order to compute the expected number of neutrino events, where suitable, we consider IceCube-Gen2 [16]
for representative purposes because of its large expected rate. The number of muon neutrino events expected
at IceCube-Gen2 [16, 141] for a source at redshift z is N, (z) = fEliVm'::“ dEVCD?,ES(EV, 2) A (E,, 5), where
A (E,, 0) is the detector effective area for a source at declination & [671], Ey min and E, max are the

minimum and maximum neutrino energy, respectively. We fix E, min = 100 TeV, in order to avoid the

background of atmospheric neutrinos, and choose § = 0° to maximize the effective area of the detector.

The observed fluence of muon neutrinos is dD?,ES(E v, z) [in units of GeV~! cm™2], calculated as outlined in
Sec. 11.4 for the model parameters in Table 11 and including neutrino flavor conversion [278, 279].

Figure 61 shows the number of muon neutrino events expected at IceCube-Gen?2 as a function of the
luminosity distance for SNe Ib/c BL harboring a jet, SNe IIP and IIn, SLSNe, as well as LFBOTs. For all
source classes, we consider neutrino production through CSM interactions. For our fiducial parameters,
CSM interactions produce neutrinos with E,, nax < 108 GeV, in agreement with previous work [65, 123, 131,
234, 533, 536, 537, 592].

For SLSNe and LFBOTs, we also calculate the number of neutrino events expected from the magnetar
wind. These neutrinos have energies larger than the ones produced through CSM interactions, with their
signal expected to peak at E, ~ 108-10° GeV [132]. In this energy range the sensitivity of the radio extension
of IceCube-Gen?2 is better than its optical component [16], thus we estimate the detection perspectives
of neutrinos from the magnetar wind at IceCube-Gen2 radio. In our simplified model, we assume that

N, =~ E”"™ /1085 GeVAf (1033 GeV), where A (108> GeV) is the effective area of the radio extension

Vi rad
IceCube-Gen2 at ~ 1083 GeV [671]. This is an approximation due to the fact that we do not consider the
energy distribution of neutrinos from the magnetar.

As for SNe Ib/c BL harboring jets, we show the total number of events expected at IceCube-Gen2 in
Fig. 61 from a successful jet, whereas the neutrino signal from CSM interactions only would be too small
to be detected (see Sec. 11.5). If the jet is smothered in the Wolf-Rayet star progenitor, neutrinos with

E, < 10° GeV may be produced; the related detection prospects of subphotospheric neutrinos havew been

explored in Ref. [635].
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Figure 61: Expected number of muon neutrino and antineutrino events at IceCube-Gen2 as a function of the luminosity distance for SNe Ib/c BL harboring
jets, SNe ITP, SNe IIn, SLSNe and LFBOTs. The gray horizontal line marks N"u = 10. We consider neutrinos from CSM interactions (solid
lines), from the magnetar wind (dashed lines) and from jets (dotted lines). For SNe Ib/c BL harboring a jet, we display the total number of
neutrinos given by CSM interactions and the jet; CSM interactions alone produce a number of neutrinos which falls below the plotted range.
CSM interactions can produce Ny, = O(10) at IceCube-Gen2 for SLSNe (SNe IIn) located at dy, < 4 Mpc (dy, < 0.6 Mpc). The magnetar
wind can produce N"H =~ O0(10) at IceCube-Gen?2 radio for SLSNe (LFBOTSs) located at dy, < 5 Mpc (dr. < 2 Mpc). NV# ~ 0(10) is
expected at IceCube-Gen2 from LFBOTs harboring unsuccessful jets and placed at dy, < 1 Mpc. Note that the number of neutrino events from

jets, both successful and unsuccessful, is model dependent; see main text for details.

As outlined in Sec. 11.5, LFBOTs may harbor jets which are smothered in the extended envelope
surrounding the progenitor core [153]. In this scenario, a signal peaking at E, ~ 10° GeV may be produced
in the unsuccessful jet [234] (see also Ref. [235] for neutrino production in jets smothered in an extended
envelope). In Fig. 61 we show the corresponding expected number of neutrino events, obtained by relying on
the most optimistic model of Ref. [234].

From Fig. 61, we deduce that the expected number of neutrino events from CSM interactions is N,,, ~ O(10)
for SLSNe (SNe IIn) located at d;, < 4 Mpc (dr, < 0.6 Mpc). Large CSM densities may be possible around
SLSNe and SNe IIn, with M,,, < 10M yr‘l [638, 659]; in this case, the expected number of neutrino events
from SLSNe and SNe IIn could be larger than considered here [592]. Neutrinos from magnetar winds show
promising detection perspectives at IceCube-Gen2 radio, with N,,, =~ O(10) for SLSNe and LFBOTSs located
atdy, < 5 Mpc and d, < 2 Mpc, respectively. Unsuccessful jets in LFBOTs may produce N,,, 2 O(10),
if the source is at d;, < 1 Mpc. However, we note that the neutrino signal from the choked jet peaks at
energies E,, ~ 10° GeV and it quickly drops at larger energies [234], where the sensitivity of IceCube-Gen2

increases [16]. Thus, the most promising detection prospects for LFBOT sources are obtained with IceCube,
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Table 12: Local rate (Rg) of the sources considered throughout this paper including their error bands, relative to the local rate of core-collapse SNe

[RECSN =(1.25% 10“‘)f§(())”(J/7‘E Mpc‘3 yr'l] [32, 575]. Note that the local rate of GRBs refers to GRBs beamed towards us. For reference, we

also show the rate of low-luminosity (LL) GRBs as they are more abundant and might also be related to choked jets and/or shock breakouts.

Source Ro/ RSCSN ¢ Reference
SNe Ib/c (26%)*5 40 [672]
SNe Ib/c BL < 13% [673]
SNe Ib/c BL with choked jet Unknown [673]
GRBs <1073 [674]
LL GRBs <1073 [675]
SNe ITP (48.2%) 3 7% [672]
SNe IIn (8.8%) 330 [672]
SLSNe <28x1073 [676]
LFBOTs <1073 [152]

due to its sensitivity range [141] (see Fig. 6 in Ref. [234] for the expected number of neutrinos in this case).
We stress that the results for both successful and smothered jets are model dependent and the number of
events is calculated assuming that the jet is observed on-axis.

In order to assess the likelihood of finding such transients and contrast the local rate with the expected
number of muon neutrino events, we assume that all these sources follow the star formation rate as a function
of redshift. The local rates of the sources considered throughout this paper (Rg) relative to the one of
core-collapse SNe—RgCSN =(1.02x 10‘4)f73%i,77°; Mpc =3 yr~! [32, 199]—are listed in Table 12.

SLSNe and LFBOTSs display the most promising chances of neutrino detections if powered by a magnetar,
however these sources are the least abundant in the local universe. Using Table 12, ~ 4 x O(10~7) Mpc~3
yr ' [22x0(1077) Mpc~3 yr~! ] SLSNe (LFBOTS) are expected at d;, = 10 Mpc (note that we consider
the central values of the rates). On the contrary, SNe IIP are the most abundant sources locally, with
RSN P — 1.1 x 10~* Mpc~3 yr~!. Nevertheless, their neutrino signal is too weak to be detected at IceCube-
Gen?2. Jetted outflows are also expected to produce a significant number of neutrinos. Yet the probability that
the jet points towards us is 05 /4 =~ O(1073) for typical opening angles (see Table 11). The beaming factor

and the small local rate of GRBs, LFBOTs and SNe Ib/c BL which may harbor jets (Table 12) challenge the

associated neutrino detection.
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11.7.2  Combining multi-messenger signals

On the basis of our findings, we now outline a possible strategy to carry out multi-messenger observations
of transients originating from collapsing massive stars. As outlined in Sec. 11.6.2, radio sources whose
signal is consistent with synchrotron radiation are expected to have a bright neutrino counterpart. SLSNe,
SNE IIn, LFBOTs and SNe IIP with eruptive episodes fall in the category of transients with strong CSM
interactions, as shown in Figs. 58 and 61. The synchrotron signal is the signature of a collisionless shock
expanding in a dense CSM and it plays a crucial role for multi-messenger searches. First, as neutrinos and
radio photons are produced over the same time interval from CSM interactions (Fig. 56), early detection
of the radio signal will be crucial to swiftly initiate follow-up neutrino searches. The latter can be guided
by the criterion outlined in Sec. 11.6.2. Since gamma-rays are also expected to be produced together with
neutrinos [117] (see Fig. 58), radio detection should also guide gamma-ray follow-up searches, e.g. with
Fermi-LAT [596] or the Cherenkov Telescope Array (CTA) [677].

Sources emitting in X-rays due to bremsstrahlung emission are also hosted in a dense CSM, although this
signal is produced through radiative shocks and may hint towards the existence of an asymmetric CSM [637].
Neutrinos produced at the same site of bremmsthralung radiation have energies below the sensitivity range of
IceCube and IceCube-Gen2 [298] and we have not considered them throughout this work. Yet, X-ray data
from bremmsthralung can be combined with synchrotron radio data to infer the CSM properties, that affect
the expected neutrino signal [298, 592, 642].

If the UVOIR lightcurve shows signs of central magnetar activity, as it may be the case for SLSNe and
LFBOTSs, X-ray telescopes should look for a non-thermal and time variable signal. The latter may emerge at
later times than the UVOIR light, due to the opacity of the outflow [148]. As detailed in Sec. 11.6.1, the
non-thermal X-ray signal is key to disentangle the degeneracies plaguing the UVOIR lightcurve. Neutrino
searches from this class of transients should start later than the UVOIR observations, and they should be
carried out in the time window [f, min, #y max] defined in Sec. 11.6.1, e.g. with IceCube-Gen?2 radio.

Intriguingly, SLSNe and LFBOTs may be powered either by CSM interactions or magnetar spin down.
While neutrinos from the former have energies E,, < 10® GeV, a signal peaking at E,, > 10% GeV is expected
from the latter. The time window during which neutrinos are radiated is different and it depends on the

mechanism responsible for their production (see Fig. 56). Thus, the energies and the detection time of
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neutrinos in the direction of the transient source can be combined with electromagnetic observations to
disentangle the dominant mechanism powering the lightcurve.

Some sources, such as LFBOTs and SNe Ib/c BL, may harbor a choked jet pointing towards us. The resulting
outflow has an asymmetry observable in the UVOIR and radio bands and it moves with middly-relativistic
velocity, otherwise unreachable through symmetric explosions [634]. The electromagnetic signature of
the choked jet would be a flash of light in the X-ray band [621]; see Fig. 58. Improving X-ray detection
techniques to unambiguously detect shock breakouts will be crucial to model the associated neutrino signal.

If a mildly-relativistic outflow is inferred from radio observations, one should search for neutrinos in the
direction of the transient hundred to thousand seconds before and after the first observation in the UVOIR
band (see also Fig. 56). Indeed, if an unsuccessful jet is hidden in the source, neutrinos may be produced
while the outflow is still optically thick and for a time 73 =~ 7;. IceCube and IceCube-Gen2 could potentially
detect neutrinos from a jet smothered in a red supergiant progenitor star, whereas IceCube DeepCore [173] is
needed to observe neutrinos from a jet choked in Wolf-Rayet stars [234, 635]. A combined search may be
promising for neutrinos from mildly-relativistic sources.

Finally, if the UVOIR lightcurve should mostly exhibit signs of 3°Ni decay or hydrogen recombination,
the corresponding neutrino emission would be a negligible fraction [< O(107!3)] of the ejecta kinetic
energy. Searches of neutrinos in the direction of sources only powered through these processes would not be

successful.

11.7.3  Follow-up searches for selected sources and stacking searches for a source class

The detection prospects for follow-up searches of a selected source together with the best wavelength to
correlate with neutrinos for each transient are summarized in Table 13. We list the luminosity distance (dr)
where N,,, = 10 for our benchmark transients in Fig. 61, and the number of transients expected per year
within dp, [Nans(< dp)]. The bands reflect the uncertainty on the local core-collapse SN rate [678] and
the fraction of SNe belonging to each class [672]. We do not include SNe Ib/c as the number of expected
neutrinos from CSM interactions only is too low to be detected. For completeness, we also show the expected
distance where N,,, = 10 at IceCube DeepCore [173] for jets choked in Wolf-Rayet star progenitors, by

relying on the results of Ref. [635].
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Table 13: Summary of our results. We list the luminosity distance (d,) where N",u = 10 for our benchmark transients (Fig. 61), the number of transients
expected per year within dy, [ Nyans (< dr,)] and the best wavelength to correlate with neutrinos. The bands reflect the uncertainty on the local
core-collapse SN rate [678] and on the fraction of SNe belonging to each class [672]. Note that for SNe Ib/c BL with a choked jet we calculate

the number of neutrinos expected at IceCube DeepCore [173], by relying on the results in Ref. [635].

Source Model dp IMpc] Nyans(< dr) [yr~'] Best correlated wavelength
SLSNe CSM interactions 4 <1073 Radio
SLSNe Magnetar wind 5 <2x1073 UVOIR+X-ray
SNe IIn CSM interactions 0.6 3.5x1073-2x1072 Radio
SNe IIP CSM interactions 005 6x10™*-2x107? Radio
LFBOTs Magnetar wind 2 <2x107° UVOIR+X-ray
LFBOTs with jet Choked jet in extended envelope 1 <5%x1077 X-ray/gamma-ray
GRBs Envelope of more models (Ref. [65]) 0.2 <2x1078 X-ray/gamma-ray
SNe Ib/c with choked jet ~ Choked jet in Wolf-Rayet star 90 Unknown X-ray/gamma-ray

In order to carry out stacking searches of neutrinos from radio-bright transients, one can search through

archival all-sky neutrino data for clusters of a few neutrino events in the direction of identified radio transients.

To this purpose, it would be useful to compile catalogues of transients detected in the radio band, e.g. relying
on data from the Very Larger Array Sky Survey (VLASS) [162]. Additional radio catalogues will be available
in the near future, through the Square Kilometer Array Observatory (SKA), which will cover the Southern
hemisphere [163]. Note, however, that an appropriate weighting of the sources relative to each other is
recommended in order to optimize neutrino searches [592].

Another important factor in the search for neutrinos from radio sources is the time window. As extensively
discussed in this work and shown in Fig. 56, the neutrino and radio signals are produced over the same
window. The peak of the neutrino signal is expected to occur not too far from the breakout time of the forward
shock from the CSM, or anyway around the peak of the optical lightcurve [592]. The same results do not
hold for the radio signal, whose peak can occur much later than the optical one, depending on the properties
of the CSM and the forward shock. Thus, it is crucial to combine UVOIR and radio data to optimize the time
window for neutrino searches.

The atmospheric neutrino background increases when a long time window is chosen. Yet the criterion

presented in Fig. 60 excludes the parameter space contaminated by atmospheric neutrinos, considering only
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the (ncsm, Bsn) pairs which allow for the production of neutrinos with E,, > 105 GeV. Our findings provide
guidance to identify the ideal time window to carry out radio and neutrino stacking searches. We also
encourage to initiate radio follow-up observations of neutrino alerts [679]. In order to better assess the CSM
properties, follow-up observations in the X-ray bands are needed to break the degeneracies in the (ncsm, Bsh)

space [628].

11.8 DISCUSSION AND CONCLUSIONS

In this work, we consider SNe Ib/c, SNe Ib/c BL harboring jets, SNe II-P, SNe IIn, SLSNe, as well as

LFBOTs and compute the energy radiated across the observable electromagnetic wavebands and neutrinos.

Our findings reveal that most of the energy is radiated in the UVOIR band. However, a significant fraction
of the outflow kinetic energy can be emitted either in the radio or the X-ray bands through synchrotron or
bremsstrahlung processes, when a dense CSM engulfs the collpasing star. Since the UVOIR light curve is
degenerate with respect to the transient model parameters, a correlation of neutrino observations with this
band alone is not sufficient, in agreement with the findings of Ref. [592]. However, one could combine
UVOIR observations with radio data to infer upper and lower limits, respectively, on the ejecta energy E.;
and mass M. [147, 152, 629].

While the peak of the UVOIR luminosity of transients powered by the spin down of a magnetar is
degenerate with respect to the spin period and magnetic field of the pulsar, multi-wavelength observations
are fundamental to break these degeneracies. In particular, X-ray/non-thermal data can be combined with
the thermal UVOIR ones to infer the spin and magnetic field [132] and allow to forecast the neutrino
number of events. Neutrino observations could be instrumental to break the degeneracy between the spin
period and the magnetic field. As the neutrino production starts (ends) when photopion processes become
efficient (inefficient), neutrino searches should be carried out in a time window uncorrelated with the UVOIR
lightcurve.

Our findings reveal that bright radio sources are promising high-energy neutrino factories. Opposite to the
UVOIR signal, a correlation between the radio and optical signals exist. Radio photons and neutrinos are
produced over the same time interval and therefore neutrino searches should be performed over the duration

of the radio emission. The radio counterpart allows to infer the CSM density ncsym and the shock velocity
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Bsh = vsh/c at the observed time [629]. The minimum neutrino luminosity expected at each emission time
from the transient can be computed considering the product of the radio peak luminosity and peak frequency
EY dmin = Lllflfdiovpk, and the total energy radiated in neutrinos can be localized in the plane spanned by ncsm

and Sgp.

For our fiducial parameters, IceCube-Gen2 will be able to detect neutrinos from SLSNe at d; < 4 Mpc,
when neutrinos are produced from CSM interactions. If SLSNe (LFBOTSs) harbor a central magnetar,
10 neutrino events produced in the magnetar wind are expected in IceCube-Gen2 radio for sources at
dr < 5(2) Mpc.

While transients linked to massive stars are routinely detected in the UVOIR band, our findings urge to
optimize the detection opportunities in the radio and X-ray bands to swiftly identify CSM and magnetar
powered transients. Furthermore, neutrino searches would be useful for mildly-relativistic transients, as
neutrinos may signal the presence of a choked jet. Improving observational techniques in the UV/X-ray will
be fundamental to detect the shock breakout light and model the corresponding neutrino signal. Neutrino
searches from mildly-relativistic sources should be performed (10-1000) s before and after the first UVOIR
signal.

In summary, in order to optimize the chances of joint detection of electromagnetic radiation and neutrinos
from transients stemming from collapsing massive stars, follow-up programs solely based on UVOIR
observations are not optimal. UVOIR data should be complemented by radio data tracing CSM interactions
or X-ray data carrying imprints of the activity of the central engine, if any. Only exploiting multi-wavelength
and neutrino data can we explore the physics powering these fascinating sources and properly guide

multi-messenger follow-up programs.

11.9 CRITICAL OUTLOOK

In this section, we critically scrutinize our study, providing an overview of our main findings. We also discuss
future directions to improve our analysis. Notably, a similar discussion is outlined in Secs.11.2.2 and 11.6 of

the original publication.
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11.9.1 Overview and main findings

As the number of high-energy neutrino events detected at IceCube in space and time coincidence with
transient sources increases, several studies attempt to link the high-energy neutrino signal with the properties
of the optical lightcurve (e.g., Refs. [593, 680]). However, this assumption is not motivated and the optical
signal alone may not be optimal for high-energy neutrino searches. As a result, it remains unclear which
electromagnetic waveband exhibits a stronger correlation with high-energy neutrinos. Similarly, the way
multi-messenger observations can be combined to break the degeneracies in the parameter space of the
transient properties is yet to be addressed. In our study, we tackle these open questions. Our work marks
the first ab initio theoretical model of the correlations between high-energy neutrinos and the observable
electromagnetic wavebands. The findings in this study provide a pivotal roadmap to conduct informed
follow-up high-energy neutrino searches from astrophysical transients.

In order to assess the correlation between electromagnetic radiation and high-energy neutrinos, we perform
back-of-the-envelope calculations of the fraction of the outflow kinetic energy radiated across the observable
electromagnetic wavebands and in neutrinos. Our focus is on transients stemming from collapsing massive
stars, including SNe Ib/c, SNe Ib/c broad line harboring jets, SNe II-P, SNe IIn, SLSNe and LFBOTs. The
ejected spherical outflow can be heated through radioactive decay of *°Ni, H recombination or activity of a
central engine. We also consider interactions of the outflow with a dense CSM and shock breakout from
the stellar envelope as viable heating sources. Finally, we consider the possibility of a jetted component
harbored within the outflow. For each heating process, we calculate the observed lightcurve by relying on the
model outlined in Ref. [129] and estimate the corresponding energy radiated across all the wavebands. As
for high-energy neutrinos, we model their production in the magnetar wind, at interactions with the CSM
surrounding the progenitor star and along the jet.

Our findings reveal that the majority of the heating processes emit the bulk of radiation in the UVOIR
band, while the shock breakout produces a flash of light in the UV/X-ray bands depending on the progenitor
star. However, a significant fraction of energy can be radiated in the radio and/or in the X-ray bands through
synchrotron or bremsstrahlung processes, respectively, when the collapsing star is surrounded by a dense
CSM. Importantly, we highlight that the physical parameters underlying the outflow dynamics, namely

its kinetic energy and velocity, cannot be inferred by relying on optical data only. Thus, we suggest that
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combining radio and optical data is crucial when the observed bolometric lightcurve is powered by CSM
interactions. Likewise, when the bolometric lightcurve is powered by the spindown of a central magnetar,
X-ray/non-thermal data should be combined with the UVOIR ones to break the degeneracy among the spin
period and magnetic field.

Intriguingly, we find that bright radio transients whose signal is consistent with synchrotron radiation
produced through CSM interactions are promising sources of high-energy neutrinos. In this case, for each
doublet (ncsm, Bsn) inferred from radio data, the total energy radiated in neutrinos can be unequivocally
localized in the plane spanned by these two parameters. The direct correlation existing between radio
synchrotron photons and high-energy neutrinos encourages follow-up neutrino searches from transients whose
optical lightcurve exhibits strong signs of CSM interactions. These findings are further supported by the
promising detection prospects of neutrinos produced at CSM interactions for SLSNe located at d;, < 4 Mpc,
for which we anticipate that > 10 neutrinos are expected at IceCube.

Similarly, when the bolometric lightcurve of the transient is powered by the spindown of a central magnetar
we find that the high-energy neutrino signal is correlated with the UVOIR lightcurve. In this framework,
more than 10 neutrino events from the magnetar wind are expected at IceCube-Gen?2 radio from SLSNe
(LFBOTSs) at dy, < 5(2) Mpc.

Our findings provide a pivotal roadmap for combining multi-wavelength and high-energy neutrino data to
break the degeneracies affecting the optical ligthcurve. Importantly, our research demonstrates the potential
of high-energy neutrinos to unveil the origin of transients emerging from collapsing massive stars, when
combined with electromagnetic observations in a unified framework. In light of these findings, our work
urges follow-up programs that combine UVOIR, radio and X-ray data to optimize the chances of serendipitous

detection of electromagnetic and neutrino signals from collapsing transients.

11.9.2  Future research directions

In the following, we outline possible future directions to strengthen our results:

1. Modelling of the radiation through the transport equation. The simplified one-zone model outlined
in Ref. [129] does not fully capture the propagation of radiation through the outflow. In order to

estimate the non-thermal component, expected to emerge at times considerably beyond the peak of
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the bolometric lightcurve, we suggest solving the coupled transport equations for photons, electrons,

protons, neutrinos and intermediate particle species.

2. Relaxing the approximation of constant velocity of the outflow. This assumption is valid as long as the
heating source injects an amount of energy smaller than the ejecta kinetic energy. Furthermore, the
outflow can be decelerated by the CSM, if the mass of the latter is larger than the one of the ejecta.

The constraint of constant velocity may be relaxed to explore a larger part of the parameter space.

3. Considering range of values for the transient parameters. We carried out our study by assuming
average parameters for each class of transients, as listed in Table 11. In order to assess the dependence
of our results on the specific choice of parameters, error bands spanning the wide range of values

inferred from observations could be included in a future study.

In summary, our study scrutinizes the transients considered throughout the thesis within a multi-messenger
framework. Our findings not only outline the most optimal strategies to connect multi-wavelength observations
and high-energy neutrino data, but they also urge to optimize the detection techniques in the radio, UV and
X-ray bands. This final work contained in the thesis further emphasizes that we can only delve into the

physics powering transients by harnessing both multi-wavelength and neutrino data.
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SUMMARY AND CONCLUSIONS

In this thesis, we investigate the potential of combining high-energy neutrinos with multi-wavelength data to
probe the mechanisms powering some of the most powerful transient phenomena occurring in the cosmos:
long gamma-ray bursts (GRBs), supernovae (SNe), and luminous fast blue optical transients (LFBOTs). In
the following paragraphs, we summarize the main findings of the works contained in Parts ii and iii of the
thesis.

Our primary focus is on the multi-messenger emission from long-duration GRBs, which we extensively
scrutinize in Part ii. The shaping of the GRB multi-messenger signal may start well below the jet photosphere
and proceed over a wide range of radii. Yet, the innermost regions of GRB outflows are electromagnetically
inaccessible, as photons are absorbed due to the large densities. On the contrary, high-energy neutrinos
can escape unhindered from dense regions and provide us with unique insights into the jet physics below
the photosphere. Pioneering a novel approach, in Chapter 7 we leverage outputs from state-of-the-art
general relativity magneto-hydrodynamic (GRMHD) simulations to self-consistently model the production of
subphotospheric high-energy neutrinos in collapsar jets. Up to now, this signal has been modeled analytically,
hence overlooking the mixing between the jet and the cocoon. The crucial finding of this work is that,
when the mixing is taken into account, subphotospheric neutrinos with energies < O(10°) TeV can be
produced only if the jet is magnetized, through collisionless sub-shocks and magnetic reconnection. Contrary
to previous works, we conclude that optically thick collapsar jets are unlikely to produce the bulk of the
high-energy neutrino diffuse flux detected at IceCube. Importantly, our findings underscore the need for
more advanced models of particle production and acceleration below the jet photosphere, a result achievable
only by post-processing the outputs of GRMHD simulations.

High-energy neutrinos can not only provide valuable insights into opaque regions of GRB jets but also
have the potential to probe the circumburst medium (CBM) where the burst propagates. This is particularly
relevant in the case of GRB afterglows, broadly believed to be associated with the interaction of the jet

with the CBM. Yet, GRB afterglows display a rich array of features that cannot be accommodated within
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the standard model. Among these features, in Chapter 8 we focus on the optical jump, namely the sudden
rebrightening observed in the optical light curve of some GRB afterglows. We model the jump through the
late collision of two relativistic shells and inspect the corresponding signature induced in the high-energy
neutrino signal. Our work reveals that the total number of emitted neutrinos in the presence of an optical
jump increases up to one order of magnitude compared to the standard afterglow case. Importantly, this
result holds as long as the burst propagates in a constant density interstellar medium (ISM), whereas no
significant change in the neutrino signal is expected for a GRB jet expanding in a wind-like medium. Thus,
our work unveils that high-energy neutrinos can probe the environment where the burst propagates, whereas
electromagnetic models may be degenerate with respect to the nature and density of the CBM.

An additional puzzling and yet intriguing feature is the very-high-energy (VHE, > 100GeV) emission
observed at late times deep in the afterglow of some GRBs, which we inspect in Chapter 9. By making use of
radio, optical, and X-ray data of a sample of VHE bursts, we infer that these bursts may occur in environments
with low densities, possibly connected to low metallicity progenitors. While these results may have significant
implications for the origin of VHE GRBs, high-energy neutrinos cannot be used to further constrain the
afterglow properties of VHE GRBs, due to poor statistics. However, the detection of high-energy neutrinos
with the upcoming IceCube-Gen2 radio will play a pivotal role in pinpointing the mechanism responsible
for the emission of VHE photons. Notably, the findings of Chapters 8 and 9 highlight the imperative need
to combine multi-wavelength data with high-energy neutrino signals to gain a deeper understanding of the
puzzling processes occurring during GRB afterglows. Upcoming telescopes with improved sensitivity will
allow us to collect more afterglow data, shedding new light on the interaction of GRB jets with the CBM.

Besides GRBs, high-energy neutrinos may be produced in a multitude of emerging classes of high-energy
transients, whose multi-messenger emission is inspected in Part iii. Among these transients, LFBOTs stand

out for their intriguing properties resembling both SNe and GRBs. Despite their growing number, the

nature of LFBOTs remains elusive, and a multi-messenger approach is crucial to gain a fresh perspective.

In Chapter 10, we investigate for the first time high-energy neutrino production in LFBOTs within two
theoretical frameworks: the cocoon model and the merger model. In both scenarios, we find that high-energy
neutrinos can be produced at the mildly-relativistic shock between the fast outflow and the circumstellar
medium (CSM). An additional bright neutrino signal is expected from the choked jet, should it be harbored

within LFBOTSs and pointing toward us. Importantly, our analysis reveals that existing IceCube neutrino
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events in the direction of AT2018cow— the first LFBOT ever detected— significantly constrain the parameter
space accessible in the choked jet scenario, otherwise allowed by electromagnetic observations. Furthermore,
the high-energy neutrino signals produced through CSM interactions and through shocks in the choked jet are
significantly different. Hence, the remarkable finding of this work is the capability of high-energy neutrinos
to disentangle the mechanism powering LFBOTSs, advocating for targeted searches for high-energy neutrinos
in the direction of future LFBOT sources.

We conclude this thesis by acknowledging that, despite the increasing number of observed astrophysical
transients, the observable electromagnetic waveband displaying the strongest correlation with high-energy
neutrinos remains unknown. To tackle this open question, in Chapter 11 we outline a strategy to carry out
informed follow-up neutrino observations of transients stemming from collapsing massive stars, including
SNe Ib/c (BL), SNe IIP, SNe IIn, SLSNe, and LFBOTs. While the properties of the outflow cannot be
accurately deduced solely from optical data, our findings emphasize the crucial role played by radio and
X-ray observations in complementing the information obtained from the optical light curve. Importantly, our
work unveils that bright radio sources are promising factories of high-energy neutrinos and that a strong
link between the radio and neutrino signals exists. Likewise, if high-energy neutrinos are detected in space
and time coincidence with astrophysical transients, our findings further confirm that these particles can be
used to disentangle the degeneracies affecting electromagnetic models. As we prepare for the promising
future of time-domain and multi-messenger astronomy, this work provides a pivotal roadmap for seamlessly
integrating multi-wavelength and neutrino data.

The results presented in this thesis confirm the role of high-energy neutrinos as unparalleled cosmic
messengers. Most importantly, our results prove that only by skillfully combining high-energy neutrino
observations with multi-wavelength electromagnetic data can we tackle fundamental questions on the most
energetic phenomena occurring in the cosmos. Although many challenges are ahead, the full potential of
multi-messenger astronomy is poised to be unleashed soon, thanks to the multitude of upcoming telescopes

with unprecedented sensitivity on the horizon.

236



Part V

APPENDICES



SUBPHOTOSPHERIC NEUTRINOS APPENDIX

A.l PHOTON THERMALIZATION

Electrons are assumed to be accelerated to a power-law distribution N (y,) o y;_k"‘, where k. is the electron
spectral index. Both at collisionless sub-shocks and at magnetic reconnection sites, they are expected to cool
through the emission of synchrotron radiation [259, 260, 271].

The synchrotron spectrum is defined in terms of three characteristic electron Lorentz factors: the minimum,

the cooling and the self-absorption Lorentz factors (y,, ..y, . !

and y/ ), respectively. These are defined

e,abs
as [107, 343, 369, 681, 682]:
’ mp ke -2
Y e,min 8d8em—e ko1 (A.1)
6mm,c
’ — e A2
’}/e,cool O_TB,Qtéyn ( )
e T gr =17
’ abs
= s A3
Ve.abs (8301) (BQ) A3

where g, and gp are the fractions of the dissipated energy that is stored in accelerated electrons and into
magnetic field, respecitvely. With &,,s we denote the fraction of energy that goes into accelerated electrons

radiating at y o is the Thompson cross-section, @ = 1/137 is the fine-structure constant, m, the electron

e.abs’
mass and Bg = 4.41 x 10'3 G. The dynamical time scale of the acceleration process is téyn =R/(2c(I})),
where R is the radius at which the process takes place.

Motivated by the results of particle in cell simulations, as for mildly magnetized sub-shocks, we assume
€0 =5x107% e = 0.1[288] and k. = 2.5 [85]. In the case of magnetic reconnection, k. is given by Eq. 7.20

and &, = 1 — g, with &, given by Eq. 7.21. Finally, following Ref. [682], we assume &,ps = 0.1&.. With this

7

choice of parameters, we get that electrons are always in the fast-cooling regime, namely y,, .

’
> ye,cool ’

both for internal sub-shocks and magnetic reconnection.
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The characteristic Lorentz factors in Eqs. A.1, A.2, and A.3 result in three break energies in the photon

spectrum, given by

n
VB . (A.4)

e

3
EI = 2
y(7e) 2 mec

In particular, the self-absorption frequency v/ . = E’ _ /h gives an estimation of the time over which the
y,abs v,abs

synchrotron spectrum becomes self-absorbed and relaxes to a black-body: ¢/ . =v_!.
y,abs abs

The main goal of this paper is to compute the neutrino production when the jet is optically thick. Hence,
we need to check whether the synchrotron photons thermalize before undergoing pvy interactions, whose

cooling time can be approximated by

7

fpy = (), nenTpy foye) h. (A.5)

Here, 0y =~ 1072 c¢m? and f,, ~ 0.2 are the cross-section and the multiplicity of py interactions,

4

respectively [399]; 1, synch

is the number of synchrotron photons defined as in Eq. 6 of Ref. [682], with the
appropriate energy density of the outflow. The latter is obtained from our benchmark simulations.

As an example, we get t’mbs ~2.2x 107" s at sub-shocks for the jet with o = 15. The photo-hadronic
cooling time at the same position is #7,, ~ 5 X 107> s, namely self-absorption is much faster than py

interactions. Similar results hold also for oy = 200, both for internal sub-shocks and magnetic reconnection

processes. Hence, we can safely assume a black-body spectrum in the optically thick region of the outflow.

A.2 PROTON AND MESON COOLING RATES

The comoving acceleration rate of protons is

,_ ceB’
p,alcc = _EE'p , (A.6)

where B’ is the magnetic field in the acceleration region and it is shown in Fig. 25, e = Vhac is the electric
charge, with 7 being the reduced Planck constant, and « is the fine structure constant. & corresponds to the
number of gyroradii required for accelerating protons; following Ref. [390], we assume & = 10.

Accelerated protons undergo several energy loss procceses, parametrized through the total cooling rate:

=1 _ -1 r—1 r—1
tp,ad + tp,]?)’ + tP,PP

p,cool —

r—1 r—1 r—1
! + tP,BH + [p,IC + tp,sync > (A7)
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r—1 r—1 r—1 =1 -1 r—1 : : : :
where tp’a @ topys topps B tp’IC, and 1) sync are the adiabatic, photo-hadronic (p7y), hadronic (pp),

Bethe-Heitler (BH, py — pe*e™), inverse Compton (IC) and synchrotron cooling rates, defined as [103,

390, 399]:
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Here, y}, = E},/m p02 is the proton Lorentz factor, Ey, = 0.150 GeV is the photo-pion production energy
threshold, and €’ = E7,/ mec?. The comoving proton density n’p ; 1s given by Eq. 7.9. The energy dependent
cross-sections 0, and o, are provided by Ref. [277]. The inelasticity for py interactions is taken from

Ref. [103]:

0.2 En < E,- <1GeV
Kpy(E) = (A.14)

0.6 E,. >1GeV,

where E;, =y, E},(1 -3}, cos ) is the relative energy between a photon with energy E”, and a proton with
Lorentz factor y},, moving in the comoving frame of the interaction region along the directions defined by
the angle 6. The inelasticity for pp interactions is K, = 0.5. Finally, the function F(E’,,y},) is defined as
in Ref. [400], replacing m, — m,,.

As an example, Fig. 62 shows the proton cooling rates for the optically thick region of our jet with oy = 15,
at the internal sub-shock radius Rss = 2.5 x 10° cm. Protons mainly cool through py interactions, while
pp interactions become relevant for E;, < 100 GeV. Synchrotron losses are important for E}, 2 10 GeV.
Similar results hold for oy = 200, both for collisionless sub-shocks and magnetic reconnection events.

Before decaying, mesons undergo several cooling processes as well. In particular, they suffer adiabatic,
synchrotron and hadronic losses, the latter affecting only pions and kaons with the cross-section oy, =
5% 10726 cm? [277]. Their cooling rates are defined as for protons, with the replacement m,, — m k.
The meson cooling times are shown in the right panel of Fig 62 for internal sub-shocks (o = 15). Pions and

kaons substantially suffer hadronic losses, while muons mainly cool through synchrotron radiation.
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Figure 62: Left panel: Comoving cooling rates of protons for our benchmark jet with oy = 15, calculated for internal sub-shocks at Rss = 2.5 x 10° cm.

The red star marks the maximum energy at which protons can be accelerated. Protons mainly cool through p+y interactions, while p p
interactions become important for E;, < 102 GeV. Right panel: Same as the left panel, but for secondary mesons. Kaons and pions mainly cool

through hadronic processes, while muons undergo strong synchrotron losses. Similar results hold for oy = 200.

A.3 PARTICLE ACCELERATION IN THE COCOON AND AT THE INTERFACE BETWEEN THE COCOON

AND COUNTER-COCOON

While propagating inside the star, the jet inflates a high-pressure region called cocoon. After breaking
out, the cocoon expands and engulfs the whole star whether the jet is successful or not. In some cases
the fastest component moves with mildly relativistic velocities [683, 684]. Particle acceleration at internal
shocks in the cocoon was assumed to take place in Ref. [685]. However, as shown in Fig. 24, the innermost
regions of the cocoon are non-relativistic with (I'c) =~ 1, preventing the formation of strong mildly relativistic
shocks. Furthermore, we can see from Fig. 26 that the optical depth of the cocoon is extremely large up to

R ~ 4 x10'! cm; collisionless internal shocks are unlikely to take place. Following Sec. 7.4.1, we deduce

from Fig. 24 that the cocoon average magnetization is not large enough to trigger magnetic reconnection.

Hence, we conclude that particle acceleration in the cocoon is disfavored, contrary to what pointed out in
Ref. [685].

The simulations of Ref. [222] also show interactions between the cocoon and the counter-cocoon both
inside and outside the stellar progenitor, as sketched in Fig. 63. The interaction outside the star takes place in
the form of a shock, occurring at R ~ 2R, = 8 x 10' cm. Nevertheless, the outflow is optically thick at

this radius (see Fig. 26) and the corresponding magnetization is o ~ 1072 (see Fig. 24). Hence, there is no
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mechanism able to efficiently accelerate particles at the shock between the cocoon and counter-cocoon shock.

Cocoon R (cm)

E T Q® = . 2R,

AN

Shock outside the star

Jet .

Stellar
envelope

Shock in the star

Counter-cocoon
Cocoon

Figure 63: Sketch of the interaction between the cocoon and the counter-cocoon, after the cocoon (aqua) breaks out from the star (orange), expands and
engulfs the progenitor star. The inset plot on the top left corner displays a late-time snapshot, when the cocoon engulfs the star. The cocoon and
its counterpart interact inside the star (red line) and outside (blue line) at R =~ 2R . Interactions take place in the form of shocks. The large

optical depth and very low magnetization of these regions of the outflow inhibit the formation of collissionless shocks and particle acceleration.

A4 SUCCESSFUL JETS

The jet is successful when its energy and Lorentz factor are such that the jet drills out of the stellar envelope,
eventually reaching the photosphere, as sketched in the right panel of Fig. 32. In this Appendix, we briefly
discuss this case for completeness and in order to help the reader to compare the related neutrino emission to
the subphotospheric one; the latter being the main focus of this work.

In our benchmark simulations, the jet breaks out from the star for both g = 15 and oy = 200; the
photospheric radius is Rpyy 2 10'? cm. The position of the photospheric radius is independent on the jet
magnetization, since the jet mimics a hydrodynamic one upon its breakout from the star.

The scenario of successful jets is of particular interest for GRBs. Once the jet reaches the photosphere,
it produces the gamma-ray and neutrino bursts eventually observable on Earth. The gamma-ray signal

corresponds to the GRB prompt emission, whose origin is still under debate [686, 687]. The findings of
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Ref. [222] hint towards a hybrid composition of the jet, since both internal shocks and magnetic reconnection
may contribute to energy dissipation.

Because of the strong energy dissipation occurring below the photosphere, the prompt signal originates
from a non-thermal spectrum at Rpy. The spectral peak and the low-energy part below it are determined
by quasi-thermal Comptonization of photons by electrons accelerated to mildly relativistic velocities in the
regions of the outflow with 1 < v < 100 [688, 689]. Further dissipation may occur above the photosphere,
for example through internal shocks. GRBs with a dissipative photosphere plus internal shocks has been
widely discussed in the literature, see e.g. Refs. [231, 369, 690-695]. A summary of the neutrino signal from

GRBs for various mechanisms proposed to model the prompt emission is provided in Ref. [231].



GRB OPTICAL JUMP APPENDIX

B.1 A MODEL FOR THE LATE COLLISION AND MERGER OF TWO RELATIVISTIC SHELLS

In this appendix, we revisit the relativistic shock jump conditions. We then model the dynamical merger of
two relativistic shells. In the following, we rely on the assumption of thin shells, for which the reverse shock
is at most mildly relativistic. We further assume that the reverse shock has already crossed the ejecta, hence
we focus on the forward shock only.

The first ultrarelativistic, isotropic shell launched by the central engine starts to be decelerated by the
ambient medium when it acquires a mass comparable to mg /Iy, with m( being the initial mass of the jet and
Iy its initial Lorentz factor [107]. The number of particles, momentum and energy are conserved across the
forward shock; this leads to the Rankine-Hugoniot jump conditions at the shock front, see e.g. [382, 696],

which in the fluid rest frame read as:

h
w = (T,-n—=, (B.1)

ny

21_‘szhu

- L. B.2
n T, n (B.2)
r2 = 1r2 : B.3
u - 5 sh,u * ( . )

where u refers to the upstream quantities, while the primed quantities are measured in the downstream region.
Here h,, is the enthalpy density of the upstream medium, which corresponds to the cold CBM, therefore
hy = py = n,m ,,cz. The quantities w’, p’, and n’ denote the comoving pressure, internal energy density,
density and number of particles, respectively. I'sp,, is the Lorentz factor of the shock in the frame of the
unshocked external medium and I', is the Lorentz factor of the shocked region measured in the same frame.
Since the upstream medium is the unshocked CBM, assumed to be at rest in the stellar reference frame,
the Lorentz factors in these frames satisfy the equivalence I" = I',. Therefore, as for the Lorentz factors,
hereafter we do not distinguish between the stellar and the unshocked CBM frames and simply denote them

as I'. The shock heats the matter, so that the region behind the shock is a hot plasma for which the equation
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of state p’ = (9 — 1)w’ holds, being ¥ the adiabatic index of the fluid and p’ its comoving pressure . For a
hot fluid ¥ = 4/3, therefore the equation of state reads p’ = w’/3. Using the shock jump conditions, we can

rewrite the first equation in Eq. B.3:
w' =4T(T' = 1)p, = 4T(T = Dnympc? (B.4)

which corresponds to Eq. 8.16. Note that from Eq. B.3 one obtains that the plasma behind the shock moves
with a velocity I = I'y,/ V2. This region of hot plasma corresponds to a blastwave decelerated to the BM
solution [382], i.e. our slow shell.

The details of the collision between the slow and the fast shells depend on the hydrodynamical modeling
(see, e.g., [360]) and are beyond the scope of this paper. We refer the interested reader to Ref. [363] for a
semi-analytic treatment of the shell collision including the reverse shock. Here, we rely on a simplified
collision model, expanding on the one adopted to model the internal shock [292, 697]. The main difference
with respect to the internal shock prescription is that our slow shell is hot and continuously sweeps up material
from the CBM. As a result, we need to include its internal energy at the collision time [698] as well as the
mass swept up by the slow shell from the CBM until the time of the collision.

In the following, we focus on a merger whose duration is smaller than the dynamical time, considering that

the jet has an opening angle 6; small enough such that the merger process can be approximated as planar.

Hence, the comoving volume of the shells can be expressed as V’ ~ 7T9§R21 ’, where [’ is the width of the
shell. This assumption is valid as long as the Lorentz factor I" > 1.
In order to obtain the total energy and momentum of the slow shell at a fixed time #, we introduce the

energy-momentum tensor of a relativistic fluid in the laboratory frame [107, 698]:
T = (p'c? +w' + p))ata” + p'n (B.5)

where a# = F(l,\?/c) is the adimensional 4-velocity of the fluid in the laboratory frame, np#” =
diag(-1,1,1,1) the Minkowski flat space-time and p’ = w’/3, since we only consider the relativistic
shock case. From the component with u = v = 0 in Eq. B.5, we obtain the energy density in the blastwave at
the fixed time ¢:

T =T (p'+w +p') = p' =T?p'+ (I =9+ hw' . (B.6)
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The total energy of the slow shell in the laboratory frame is computed by integrating Eq. B.6 over V = V' /T,
where V’ is defined as described previously. By denoting the total internal energy of the slow shell in the

comoving frame as W’ = w’V’, its total energy is [698]:

2 -9 +1

E=Tcm+ W =Tc?m+TegW’ (B.7)

where m is the mass of the slow shell given by Eq. 8.7. Furthermore, the effective Lorentz factor of the slow
shell I'ef in Eq. B.7 is

T = —"ra— =90 = =T, (B.8)

where we have done the approximation I" >> 1 (valid in the time window we are looking at) and the relativistic
¥ = 4/3 has been adopted.

Similarly, taking the (u = 1, v = 0) component in Eq. B.5, the 4-momentum density of the slow shell at a
fixed time ¢ is

~1
710 = sz?(p'cz +w +p'), (B.9)

where 7'" = 0. The 1-st component of the total momentum of the slow shell is P! = 1/c [, T'°dV, from

which:

’

ﬁ:cl“ﬁ(m+&mz):c\/l“2—l(m+)A/W/) . (B.10)
c
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Equations B.7 and B.10 represent the energy and momentum of the slow shell.

If the second shell is emitted with energy E y and Lorentz factor I'y = const., its mass is m ¢ = E ¢ /(I'rc?).

The fast shell is cold, since it propagates freely, thus its energy and momentum are

Ef:Ffmfcz and Isfzcmf,wj%—l . (B.11)

In order to obtain the Lorentz factor and energy of the resulting merged shell right after the collision, we

impose energy and momentum conservation:

TV + TV = TV, (B.12)
TPV +TV = T,V (B.13)

being T}, the energy-momentum tensor of the merged shell and V9, its volume, both evaluated at the collision

time. Hereafter, we denote all relevant quantities of the merged shell computed at the collision time with the
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apex “0,” in order to distinguish them from the ones describing its deceleration phase. Plugging Eqs. B.7-B.11
in Eq. B.12, we obtain:

0 70
e W’ r-..w
l“fmf+1“m+eif—2 = F&m?n+%

oW’ AW/O
‘/r}—lmf+\/r2_1(m+ycz \/ng2—l(m(,)n+yc—2m) , (B.15)

where F?n, m?n =Em+my, W,’,? are the initial Lorentz factor, the initial mass and the comoving internal energy

: (B.14)

of the merged shell, respectively. F?n,eﬁ is the effective Lorentz factor of the merged shell and is defined as in
Eq. B.8 by replacing I' — I 9,1. Note that all the physical quantities of the merged shell are evaluated at the
collision time, thus they describe its initial setup. Equations B.14 and B.15 have a simple solution in the
relativistic case, i.e. for 'y > 1 and I" > 1, which also implies Ffil > 1. Indeed, in this case I'.g ~ yI" and

F& o X $T9 so that we can rewrite Eqs. B.14 and B.15 as follows:

m g+ e Tome, s (B.16)

m
mp T2 = LmegVI2 =1 = ml, oIS -1, (B.17)

where we have introduced the effective masses of the slow and merged shells: meg = m +yW’/c* and

0

mm,eff

=md, +9W.0/c?. After performing a Taylor expansion around 1/T'z, 1/T" and 1/TY, in Eq. B.16, we

obtain the initial Lorentz factor of the merged shell:

mel s+ megl
10~ [ STl (B.18)
myg[Up+meg/T

From energy conservation (Eq. B.16), we obtain the internal energy W2 of the merged shell in the laboratory
frame:

W0, =W = = [(msTp+mD)e? = (m+mp)Te?| +TW . (B.19)

=>| =

Equations B.18 and B.19 describe the initial conditions of the merged shell.

We assume that the shocks immediately cross the plasma. During the crossing, the resulting shell will be
compressed, so that the correct expression of the initial width of the resulting merged shell is the one in Eq. 7
of Ref. [292]. In this paper, we make the simple assumption that its width is given by the sum of the widths
of the slow shell / and the fast shell

Ro~I+I. (B.20)

m

This result differs from the one in Ref. [292] for a small numerical correction factor.
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Figure 64: Contour plot of the minimum energy of the synchrotron photons emitted at the collision (E;";::in) in the plane spanned by (EJ iso» Teoll)» Where

Episo is the isotropic kinetic energy of the slow shell and T¢q); the collision time. The ISM (wind) scenario is shown on the left (right). The

black solid line marks E;"r‘sin = E;"c’?ml. For our set of parameters, electrons accelerated at the collision are in the slow cooling regime for the

ISM and wind CBM scenarios.

After the merged shell forms, it interacts with the CBM. Even though in our model the merged shell is
expected to produce a standard afterglow flux through its interaction with the CBM, its dynamics is slightly
different from the one of the slow shell. This is because the merged shell is already hot and thus already has
internal energy. Moreover, it also contains the matter material previously swept up by the slower shell. The

total initial energy of the merged shell is:

EY . = §W,‘; +T0md 2. (B.21)

i
(=)
N

At the collision, a fraction eg’m of the internal energy W9 goes into electrons and a fraction eg,m to the
magnetic field. For our choice of parameters, electrons accelerated at the collision are in the slow cooling
regime both in the ISM and wind scenarios, as shown in Fig. 64. Hence only a small fraction of electrons
efficiently radiates, and all the internal energy WY, stays in the merged shell. Nevertheless, it is worth stressing
that even if the fast cooling condition should be satisfied and all the electrons should cool through synchrotron
radiation, the fraction of energy carried away by photons is rather small (= 10-30% of the internal energy,
depending on the assumptions on the microphysical parameter €,.). Therefore, also in the fast cooling regime,
most of the internal energy released at the collision stays in the merged shell as it is carried by protons which
predominantly lose their energy via adiabatic cooling. Thus, the isotropic kinetic energy of the merged shell

at the beginning of its deceleration is Ey, = EC, .
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When the mass 7, swept is swept up from the CBM by the expanding blastwave, conservation of energy

reads as:

Ekm Eim
1—‘31( (f ) + M swept = Im [(k_z) + i’rmmm,swept] > (B.22)
Iy),c? |

where I', is the Lorentz factor of the merged shell after the interaction with the medium and 11, gwept is the
swept up mass dependent on the density profile of the external medium. The shell starts to be decelerated

when the two terms on the right side of Eq. B.22 become comparable [107]:

m < L (Brm) o L (Ekm (B.23)
m,swept )A/l_,m F%Cz an F%Cz 5 .

where we have considered that the Lorentz factor of the merged shell at the deceleration onset has been
reduced to half of its initial value (I, > Ij"/2) and we have neglected the numerical correction factor 2/3.

By integrating the density profile between R = R(T.on) and Rgec,, and equating with Eq. B.23, we

finally obtain:
4 2/ pISM 3 3 Efm
gnnompc (Rgoemn —Roon) = 7 (B.24)
L
. E
ATA(RY™ — Regn)mpc? = 2 (B.25)
T
for the ISM and wind scenarios, respectively. Thus the deceleration radius for the merged shell is
3 Ek 1/3
ISM m 3
Rdec,m - 270 2 coll ’ (B26)
&rnom =Ty,
: Ey,
Ry = —’"02 + Reoll - (B.27)
4nAmpc?ly,
Finally, the deceleration time of the merged shell is
ISM,wind
ISM,wind _, _ dec,m (1+2) (B.28)

dec,m

ZF%ZC
From T;Siv[r;lwmd on, the merged shell follows the standard BM solution. In particular, the temporal evolution
of its Lorentz factor I';, is described by Eq. 8.3, by considering Eq. B.28 for the deceleration time and

replacing I'y — l"gq.
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B.2 DEGENERACIES AMONG THE PARAMETERS CHARACTERISTIC OF THE MERGING SHELLS

The two shells in our model collide when their position relative to the central engine coincides, i.e. when
R(Teont) = Ry (Teon) (see Eqgs. 8.5 and 8.11) [365]:

SFZTCOHC ZFJ%(TCO” —Ar)c
(1+2) (1+2)

(B.29)

The collision of the two shells entails degeneracies among the parameters characteristic of the merging
shells. One of these degeneracies occurs between the Lorentz factor of the fast shell I'y and the time delay

Ar relative to the emission time of the first shell. Indeed, from Eq. B.29:

Ar -1/2
Iy = 2F(Tc011)(1 -7 ) , (B.30)

coll
i.e. a shell launched with a large Ar can reach the first slow shell at the same collision time 7o of a shell
launched with a smaller delay and smaller I'y. This degeneracy can be better understood by looking at the
left panel of Fig. 65 for our benchmark GRB (see Table 1).

A shortcoming of our model is that it is not possible to distinguish between I'y and Ar, if no other
information is available except for the amplitude of the optical jump. Perhaps, an analysis of the reverse shock
may break this degeneracy, but it is out of the scope of this paper. Hence, in this work, we take A7 /Teon < 1,
meaning that the emission of the second shell would occur shortly after the explosion.

Another degeneracy in our model is in the definition of I" (see Eqs. 8.3). The same value of I" can be
obtained for different (£} js0,n0) pairs for the ISM scenario or (Ey, A4) for the wind scenario. Once the
collision time has been fixed, this results in the same value of F&, as displayed in the right panel of Fig. 65
for the ISM case. Similar results are obtained in the case of a wind environment, by replacing nop — A
(results not shown here). We do not exclude any region of the parameter space in Fig. 65, since there are not
observational constraints for the jump component. In principle, £y 5o can be estimated from modeling the
afterglow or by assuming that it is in the same order as Ey,iso, see e.g. [699].

Even though the same I and I'), can be obtained at a fixed time for different values of the energy and
density of the external environment, the degeneracy is not observable in the resulting spectrum. Indeed, there
are other parameters (e.g. the break frequencies and magnetic field) that strictly depend on the density of the
environment and thus allow to break this degeneracy—see Fig. 66 for the ISM scenario (similar conclusions

hold for the wind scenario, results not shown here).
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Figure 66: Light curves, generated from different (Eg iso, 720) pairs in the ISM scenario, with the same 1"31 (z =1 for all the panels). Each pair leads to a

different light curve, both in the absence (cyan dashed line) and in the presence (brown solid line) of the shell merger. The flux at the optical

jump (marked by a brown star) is different for each (Ek,iso, ng) pair. Similar conclusions hold for the wind scenario.
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B.3 COOLING TIMESCALES OF PROTONS AND MESONS
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Figure 67: Inverse cooling timescales of protons as functions of the comoving proton energy at the deceleration time Ty for our benchmark GRB (Table 1)

placed at z = 1 in the ISM (left panel) and wind (right panel) scenarios . The red star marks the maximum energy up to which protons can be

accelerated. The main cooling process for the ISM scenario is the adiabatic one; for the wind scenario, adiabatic cooling dominates at lower

energies, while synchrotron and the py interactions become important at higher energies.
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Figure 68: Same as Fig. 67 but for 7%, u*, and K*. For the ISM scenario, adiabatic cooling is the most important process for kaons and muons, while
synchrotron losses are important for pions. For the wind scenario, both synchrotron and adiabatic cooling are relevant for pions and muons. In

both scenarios, the cooling of kaons occurs at energies larger than the maximum proton energy E ;),max; thus, their cooling is negligible.

B.3 COOLING TIMESCALES OF PROTONS AND MESONS

In order to compute the neutrino energy distributions, we need to take into account the main cooling processes
for accelerated protons, n*, u*, and K*. The proton inverse cooling timescales for our benchmark GRB (see
Table 1) are shown in Fig. 67 at ¢ = Tge. for the ISM and wind scenarios. Both in the ISM scenario (left
panel) and in the wind scenario (right panel), the main cooling process for protons is the adiabatic one, that

defines E’,

p.max- 1he adiabatic timescale decreases with time, as a consequence of the fact that I' of the shell

decreases, while its radius increases. Concerning the 7%, u*, K*, the cooling time scales for the slow shell
at t = Tyec are shown in Fig.68. For the ISM scenario, adiabatic cooling can be important, yet not relevant, for

muons at the onset of the deceleration. Pions and kaons, instead, are expected to cool at energies larger than
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the maximum proton energy. Thus, their cooling does not affect the resulting neutrino energy distribution.
For the wind case, the cooling timescales of mesons at ¢ = Tge. are shown in Fig. 68. In this scenario, muons
cool at energies lower than the maximum energy of protons, affecting the neutrino energy distribution. For
our benchmark GRB, kaons always cool at energies that are higher than the maximum proton energy. Thus,
their contribution is negligible. In both scenarios, the cooling of secondary particles becomes less relevant at

larger times and it does not affect the shape of the resulting neutrino distribution.



VERY HIGH ENERGY GRB AFTERGLOW

c.] PHOTON ENERGY DISTRIBUTION

The total distribution of target photons is
n*(E}) = ny™ (E) +n) "B (E)) (C.1)

where n'; "¢ is the synchrotron component defined in Egs. 9.12 (including SSC corrections, see [109]) and
9.13 and n)YM is the VHE part of the photon energy distribution.

We model the VHE component of the photon spectrum both with SSC radiatio. The SSC component
is obtained by following the prescription in [110]. We include the Klein-Nishina regime by introducing a
cut-off in the photon spectrum at the Klein-Nishina energy [479]. The latter, can be expressed as [479]:.

1/4_—1/4,-3/4

0.3 TeV 6X=2»_ _ | EV*n~1/% flmin > floool
ke—l e, 54 —1 2 min COO0.
Fxn = (C.2)
o —1/4_-3/4 -1/4
0.1 TeV iy "5 LES 23 0 1 flmin < fleool -

where Y is the Compton parameter [109], ymin is given by Eq. 9.8, while .01 is given by dividing Eq. 9.9 by
1+Y [109]. We are using the notation X, = X/10”. Therefore, the cutoff Exn varies over time and is usually
larger at the onset of the afterglow. This is a good approximation, since the VHE photons predominantly
interact with low-energy protons, and the neutrinos produced in these interactions do not affect substantially

the high-energy neutrino signal.
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Cc.2 HADRONIC INTERACTIONS

Because of the relatively small baryon density, pp interactions are subleading during the afterglow and only
efficient in the innermost regions of the outflow [228-230]. Hence, the main channels for neutrino production

are

p+y — A-n+nt,p+n (C.3)

p+y — K'+A/T. (C.4)

Neutral pions decay into gamma-rays 7° — 27, while neutrinos are produced through the charged pion
decay n* — v, + u* followed by u* — ¥, + v, + ¢, and through n — p + e~ +¥,. Antineutrinos are also
produced in the corresponding antiparticle channels; however, in this work, we do not distinguish between

particle and antiparticles.

c.2.1 Proton energy distribution

Protons are assumed to be accelerated together with electrons at the forward shock driven by the blastwave in

the cold CBM. Their comoving energy distribution is assumed to be [in units of GeV~! cm™]

7’

’ E ap
’ ’ ’ -k ’ ’
n,(E}) = ALE, ”exp[—( - ) ]@(E,,—Ep’mm), (C.5)

Ep,max

4

pmin = I'm pc2 [226, 372, 373] is the minimum energy of accelerated

where O is the Heaviside function, E
protons and E},,, is the maximum energy at which protons can be accelerated. The latter is fixed by equating
the acceleration time scale of protons with their total cooling time, which takes into account all the energy

loss mechanisms for accelerated protons. We refer the interested reader to Sec. 4 of [233] for a detailed

discussion.

E

Finally, A}, = e,&pu’| fE P dEL E L (E )] -1 is the normalization constant. Here, u’ is the blastwave

’ p=ptp

p.,min

energy density defined in Eq. 9.6, ¢, < 1 — &, — &p is the fraction of this energy which is stored into
accelerated protons and &), is the fraction of accelerated protons.

The proton spectral index &, depends on the model invoked for particle acceleration. It is expected to be

kp = 2 [398] in the non-relativistic shock diffusive acceleration theory, while k, ~ 2.2 is expected from
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Monte-Carlo simulations of ultra-relativistic shocks [85]. The constant @, = 2 mimics the exponential cutoff

in the photon energy distribution [115].

c.3 ADDITIONAL CONSTRAINTS ON THE PROPERTIES OF THE CIRCUMBURST MEDIUM

Both the range of Ey s, allowed by the arguments in Sec. 9.4.2 and the CBM density could span several
orders of magnitude. A priori, it is not obvious whether our sample of VHE bursts (despite being based on a
small number of bursts) shares common properties in terms of CMB densities with other GRBs without
observed VHE emission.

[493] performed a scan of the parameter space allowed for the blastwave isotropic energy and the CBM
density for a selected set of GRBs not detected in the VHE regime. We stress that, in this appendix, we
assume that our sample of VHE GRBs (Table 3) can be modelled by relying on the same assumptions as
in [493] for the microphysical parameters. We also include GRB 130427A observed at z = 0.34, with
E%igo ~ 8x 107 erg [700, 701]. Even though this burst has not been detected in the TeV range, it has been
observed by Fermi-LAT during the afterglow phase, with photons up to O(10) GeV about 9 hours after
the trigger [701]. Being among the most investigated events of this class, we consider GRB 130427A as
representative of the HE sample observed by Fermi-LAT [166].

In light of the existing uncertainties on the microphysical parameters and in order to enable a comparison
with the standard bursts of [493] and the VHE ones considered in this work, we relax the values of the
microphysical parameters considered in the main text and in Fig. 46. Our goal is to assess whether particular
properties are preferred by GRBs emitting VHE photons with respect to standard GRBs.

Once the CBM type is fixed (ISM or wind), following [493], we focus at 11 hours (as measured on Earth)
after the trigger of the burst. At this time, two scenarios are possible: either vg < vy cool < Vx OF VX < Vy cools
where vg and vy are the observed effective frequencies in the optical R and X-ray bands, respectively. In the

former case, we can infer the properties of the blastwave responsible for the afterglow emission [383, 472,

493]:
q)obs v —ke/2
R _ [VR 12 -1/2
obs (_) YR vy,cool ’ (C6)
o 19:¢
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Table 14: Temporal optical index @ obtained for the three considered VHE bursts and GRB 130427A, with relative References.

Burst ap  References

GRB 180720B 1.2 [470]
GRB 190114C  0.76 [476]

GRB 221009A 0.52 [464]

GRB 130427A 1.36 [377]

where (D%bs and <1>§(bs are the fluxes observed at 11 hours in the R and X-ray bands, respectively [both in units
erg cm~2s71. By replacing v, ¢o01 in Eq. C.6 with Eq. 9.11, we obtain a relation between E k.iso and ng or
A/ (3 x10%).

If vx < vy cool, the blastwave parameters can be inferred from the flux observed in the R band. Plugging
d)‘;t”lse in the left hand side of Eq. 9.15 and evaluating the right hand side of Eq. 9.15 at v,, = v provides us
with a relation between Ey 5o and ng [A/(3 x 10%%)] [383, 472]; see also Egs. 67 in [493].

The flux in the R band is obtained by converting the AB magnitude through the following relation [702]:

obs
map = —2.5log,, (ﬁ) , (C.7)
where Q?,?; is the observed flux [in units of Jy]. The AB magnitudes are extracted from the [703]. The
flux at 11 hours is extrapolated by evolving d)“’,t"; oc t~ %0, with @ being the temporal spectral index in the
optical band reported in Table 14. Note that these values do not include the intrinsic host galaxy extinction;
hence, the value of @3‘?; that we use is a lower limit of the real flux. We warn the reader that the value
of ap obtained for GRB 190114C from the standard closure relations and reported in Table 14 does not
reproduce the optical lightcurve and the spectral energy distribution simultaneously and satisfactorily. This
hints that the standard afterglow model may not be adequate to model this GRB. Time-varying microphysical
parameters might be more appropriate for this burst [462]; in this case our results would no longer hold.
We fix the electron spectral index (k) as indicated in Table 3. In particular, for GRB 190114C we fix the
value k., = 2.2, while we checked that the results are not very sensitive to the variation of k.. Furthermore,
we assume that the isotropic energy left in the blastwave after the prompt emission is E kiso = E%iso [493].
This implies a prompt efficiency of = 50%, which might be optimistic [478] and should be rather interpreted

as a lower limit on £} jso.
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Figure 69: VHE GRBs in Table 3 (each distinguished by a different color) in the plane spanned by the isotropic gamma-ray energy E%is(, and CBM density
[no or A/(3 x 103)]. Following [493], we fix Ey jso = Ey_isg, ge =0.1and e = 1074-107 for the lower (opaque markers) and upper
limits (shadowed markers), respectively. The stars denote bursts occurring in an ISM, while the diamonds correspond to bursts occurring in a
wind-like CBM. The gray stars and diamonds correspond to the bursts analyzed in [493] occurring in an ISM and a wind-like CBM, respectively,
for £, = 107! and &g = 107, The VHE GRBs in our sample favor low density CBM, for £p compatible with the SSC model; see main text

for details.

In both the aforementioned regimes, the microphysical parameters &, and €p should be fixed. [493]
assumes &, = 0.1 and e = 107'=107* for all GRBs in their sample, and they conclude that e ~ 10~ is
preferred to avoid unphysical values of the CBM density. The parameters &, = 0.1 and e = 1075-1074
are also consistent with the typical values required for modelling the VHE emission through the SSC
mechanism [e.g. 492]. We first rely on the same choice of the microphysical parameters of [493] to favor a
direct comparison between the properties of the VHE bursts and the standard ones and, to this purpose, we
use &, = 0.1 and 3 = 1072-10"*. Then, we assume ez = 107, while keeping &, = 0.1, since this value is
allowed in the context of the SSC model. This procedure allows us to obtain upper and lower limits for the
CBM densities for the two underlying mechanisms.

Figure 69 summarizes our findings for ez = 107°-10"%. We include GRB 130427A in the plot, as

representative of the GRBs detected in the HE regime during the afterglow; see Sec. 9.2. The results obtained

by adopting &5 = 10™* can be directly compared to the ones of [493], as shown in Fig. 69 (gray markers).

Intriguingly, the bursts detected in the VHE regime cluster in the region of the parameter space corresponding
to large isotropic energy emitted in gamma-rays and relatively small CBM densities [10™3 < ng < 107! and

107 < A/(3x 10%) < 107!, consistently with our findings displayed in Fig. 46.
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The case with £ = 107> cannot be compared with the results in [493] directly. Nevertheless, we consider

it as representative of the SSC model [492]: since ny o €

;(ke“)/z [A o s;k"“)/“], we expect the density to

increase as 3 decreases, while keeping fixed Ey jso. Itis worth noticing that decreasing &, implies an increase

in the CBM density, because ng o 8£l_k“) /2 [A o sél_ke)], for the ISM [wind] scenario. For example,

for e, = 1072 and €5 = 1072, one obtains results similar to the lower limits in Fig. 46. On the contrary,

assuming £, = 1072 and 3 = 107*, shifts the points in Fig. 69 to larger densities, i.e. no[A/(3 x 10%)] > 1.

Nevertheless, the multi-wavelength fits in the literature suggest &, ~ 0.1. Hence, the densities obtained in
Fig. 69 might be preferred.

We stress that the results in Fig. 69 cannot be directly compared to the ones in Fig. 46, since in the
former we fix Ey jso = Ey iso, While in the latter Ey s is a free parameter. In Fig. 46 the scaling of the CBM
density with g, and g3 is not trivial, since the isotropic kinetic energy is also changing with the other model
parameters.

Note that, 1073 < g5 < 107! (with &, = 107 leads to 1078 < n [A/(3 x 10°%)] < 107°, which is too
low to be realistic [493]. This result might be biased by theoretical limitations of the closure relations and by
the assumption &, = 1. While the arguments in Sec. 9.4 are not constraining for GRB 180720B, we conclude
from Fig. 69 that low densities might be preferred for VHE bursts for typical microphysical parameters

consistent with a SSC scenario, as also found in [479].
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LUMINOUS FAST BLUE OPTICAL TRANSIENTS APPENDIX

D.] PROTON AND MESON COOLING TIMES

For the choked jet case the acceleration time scale of protons is

,_1 ceB’
taccl = é‘:E;, > D.1)

where e = Vhac is the electric charge with @ = 1/137 being the fine structure constant and 7 is the
reduced Planck constant. ¢ defines the number of gyroradii needed for accelerating protons, and we
assume & = 10 [390]. Finally, B’ is the magnetic field generated at the internal shock, see main text.

For CSM interaction, the acceleration timescale is obtained in the Bohm limit [704]

1 3eB’v§h 5
fole —— s D.
e 20y,mpc3 (D-2)

where B’ = B is the magnetic field in the shocked interacting shell, see main text. Protons accelerated at the
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Figure 70: Cooling times of protons accelerated (left panel) and charged mesons (right panel) in the internal shock scenario as functions of the particle
energy. Results are shown for Lig, = 5 x 10 erg s, fj =20 sand I = 100. The total cooling time is plotted with a dashed black line. For
protons, p7y interactions are the most efficient energy loss mechanism and they define the maximum energy of accelerated protons, marked with

ared star. For mesons, adiabatic losses are the only relevant energy loss mechanism. The maximum energy that mesons can achieve before

decaying is marked by a red star.
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Figure 71: Cooling times of protons accelerated at the forward shock between the fast ejecta and the CSM as functions of the proton energy. We show the

results at Ry, and 10 X Ry, for vej = 0.55¢, Mj = 3.7 X 1072My and Mcsym = 107! M. Adiabatic cooling is the most important energy

loss mechanism, while p p interactions are more competitive at the beginning of the evolution of the ejecta, but they rapidly drop. The red star

marks the maximum energy that protons can reach in the shocked plasma shell.

shocks undergo several energy loss processes. The total cooling time is

where £ -1, ¢~1

ad »Lpsyner I

P St Bt Wt

'—1
p,cool

£ ool = Lad Flpame +Eon +iop + LB+l »

pp’ “pBH’ "p,IC

Bethe-Heitler (BH, py — pe*e™) and inverse Compton (IC) cooling timescales, respectively.

These are defined as follows [103, 390, 399]:
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where v = 2cI” for the choked jet and v = vg, for CSM interactions, y, = E;,/mpcz, €

Eyp = 0.150 GeV is the energy threshold for photo-pion production, and ), ~

(D.3)

are the adiabatic, synchrotron, photo-hadronic (py), hadronic (pp),

D.4)

(D.5)

(D.6)

D.7)

(D.8)

D.9)

= E;//meCZ,

1 for relativistic particles. The

function F(E7,,y},) follows the definition provided in [400], replacing m, — m,. The cross sections for py
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and pp interactions, o, and 07, ,, can be found in [277]. The function K, (E,) is the py inelasticity, given

by Eq. 9.9 of [103]:

02  Ep<E,<1GeV
Kpy(E,) = (D.10)

0.6 E, > 1GeV

where E, =y, E’ (1 — 3}, cos 0') is the relative energy between a proton with Lorentz factor y;, and a photon
with energy E’,, whose directions form an angle 6’ in the comoving frame of the interaction region. The
comoving proton density is n, = 4L;/ (47TRIZScm pc39§) for the choked jet, and n), = 7i;, = 4n, csmm »c?
for CSM interaction. The inelasticity of pp interactions is K, = 0.5 and n’,(E)) is the photon target for
accelerated protons.

At the internal shock, secondary charged mesons undergo energy losses before decaying; in turn, affecting
the neutrino spectrum. In Fig. 70, we show an example obtained for L; = 2 X 109 erg s™!, 7 7 =20sand
I' = 100. We note that, in the choked jet, py interactions are the main energy loss channel for protons, while
secondaries mainly cool through adiabatic losses. Kaons cool at energy much higher than the maximum
proton energy, therefore their cooling does not affect the neutrino spectrum [238, 274-276].

As for CSM interaction, the only relevant cooling processes for protons are hadronic cooling (pp
interactions) and adiabatic cooling. The photons produced at the external shock between the ejecta and

the CSM have energies in the radio band, i.e. at low energies. Therefore interactions between protons and

r—1

74 (note that since

photons are negligible, consistently with [131, 298]. For CSM interaction, 77} = 177 +1
shocks are non-relativistic, there is no difference between the comoving frame of the shock and the CO
frame for CSM interaction). The proton cooling times are shown at Ry, and 10Ry, in Fig. 71 for ve; = 0.55c¢,
M.j =3.7x 1072Mg and Mcsym = 107! M. We note that the pp interactions are more efficient at earlier

times, though they are less important than adiabatic losses throughout the ejecta evolution, as expected

because of the low densities of the CSM.
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FOLLOW-UP SEARCHES APPENDIX

E.l INTERACTION RATES OF ACCELERATED PROTONS

In this appendix we summarize the interaction rates of protons accelerated in the magnetar wind as well as at

CSM interactions or in a jetted outflow.

E.l.1 Magnetar wind

The energy deposited by the spin down is partially deposited into kinetic energy of the outflow, with the
remaining energy being used to produce thermal and non-thermal radiation. Therefore, protons accelerated
in the magnetar wind interact through py interactions both with thermal and non-thermal photons in the

wind nebula. The corresponding interaction rates are [132]:

-1 _ -5,-15/8 p,—3/4 ,—15/8
Loy = 1TX10715 7B By ™ s, (E.I)
-1 _ -5,-27/8 ,=7/4 ,—19/8
Lpyatn = 2A4X107°1,57B By s, (E.2)
where 3,, =~ lMe} 1_/22 Ps‘p%n 3 is the wind velocity after its acceleration, at times ¢ > t,q, where 7y is the

spin-down time defined as in Eq. 11.10.

The interaction rate for pp interactions is
-1 _ -9as-1 3 13
t,p =625x10 Mej,—zts.sﬁw S. (E.3)
Pions are created in the wind nebula at a rate

—1 l‘

_ -1 -1 -1
Lrcre = Loyt Fpynm Hipp - (E.4)

The only proton cooling process competing with pion production is the synchrotron cooling, whose
characteristic time is

tprad = 5.6 X 10707112 B}, By €ep 5 s. (E.5)
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Thus, pion creation in the wind nebula is suppressed by a factor

(E.6)

. fad t,d
fs’Jp=mm(1, . ”—)

m,cre ’ tﬂ',CrC
where t,g ~ R/, c is the adiabatic expansion time scale of the wind nebula.

The onset of neutrino production corresponds to the time when efficient photopion production starts,

1

namely whenz ., = I3 kre- Similarly, neutrino production ends at the time when photopion processes are no

oant ie o1 =41
longer efficient, .. 1} (1o = feross-

Before decaying, secondary pions and muons also cool. Their cooling affects the neutrino signal through

the following suppression factors:

fap = 03n71Blegl 1S5, (E.7)

Foup 15X 107 1B B €5 o125 - (E.8)

E.1.2 CSM interactions and jets

In the case of non-relativistic and mildly relativistic shocks—such as the external shock driven by the outflow

as it expands in the CSM—the proton acceleration rate is obtained from the Bohm limit [704]

3erfh £9
© 20y,mpc3 (E9)

r—1
acc

where ¢ = Vhac is the elementary electric charge, @ = 1/137 is the fine structure constant and 7 is the
reduced Planck constant; for non-relativistic shocks, the comoving frame of the outflow and the center of
explosion frame coincide—we carry out the calculations in the comoving frame of the outflow and we denote
quantities with X’. The magnetic field B is defined as in Sec. 11.2 and y,, is the proton Lorentz factor.

In the case of relativistic and mildly relativistic outflows, the proton acceleration rate is

. ceB’
acc ’ 0
¢E,

(E.10)

where & represents the number of gyroradii needed for accelerating protons. We assume & = 10 [390]. Finally,
B’ is the magnetic field along the jet, which depends on the energy dissipation mechanism [231].

The total cooling rate of accelerated protons is

-1 _ /-1
tp,cool - tad +1

-1

5 I B | '—1
payne Tlpn ¥1pp 1, gu+1i,1c (E.11)
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where 171, £-1 LI St St
p.IC

ad > Tpsyncs t'm,, ppe tpBHe are the adiabatic, synchrotron, photo-hadronic (p7y), hadronic

(pp), Bethe-Heitler (BH, py — pe*e™) and inverse Compton (IC) cooling rates, respectively, defined as

follows [103, 390, 399]:

v
tg = R’ (E.12)
4orm%E’ B?
r—1 _ e-p
Ipsyne = —3%638” ; (E.13)
r—1 _ ¢ ® /n'ly(E';’)
ty = 7 /Eh dE;, [ (E.14)
27;,E;
XL dE,Er X 0py (Er)Kpy(Er)
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oy = cnyoppKpp (E.15)
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x{(Zype) [ln(ype)—3 + 3 },
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Yo Yp P YE, i Y

where v = 2c¢T" for the jetted outflow and v = vy, for CSM interactions, y, = E},/m pcz is the proton Lorentz

factor, € = E7,/ mec?, Eq = 0.150 GeV is the energy threshold for photo-pion production, and B, ~ 1for

’

relativistic particles. The function F(E7,

,*y;,) is defined in Ref. [400], with the replacement m, — m,,. The
cross sections for py and pp interactions, 0,y and o, , are taken from Ref. [277]. The function K, (E,) is

the inelasticity of py interactions defined in Eq. 9.9 of [103]:

0.2 En < E, <1GeV
Ky (Er) = (E.18)

0.6 E, >1GeV,
with E, = y,E’ (1 — ), cos @) being the relative energy between a proton with Lorentz factor ), and
a photon with energy E’,, which move in the comoving frame of the interaction region along directions
which form an angle ¢’. The comoving proton density is 1), = Eiso/ (47rR§ct I I'?) for the jetted outflow, and
n, = 4np, csmm pc2 for CSM interaction. The inelasticity of pp interactions is K,;, = 0.5 and n), (E?)) is the

photon target for accelerated protons, defined in the main text for the jetted and spherical outflow. Before

decaying, also secondary pions and muons cool through synchrotron, adiabatic and hadronic energy losses.

Their cooling rates are defined as for protons, but replacing m, — m,, with m, being the mass of the x

secondary particle.

265



E.2 RADIATIVE SHOCKS

E.2 RADIATIVE SHOCKS

When the gas behind the shock immediately cools in a thin shell, the shocks are radiative. This happens
when the CSM density is very large [298, 628]. Also in the radiative regime the dynamical timescale for the
forward shock driven by the outflow in the optically thin CSM is fqyn = R/vsh.

When the forward shock breaks out from the dense CSM shell, bremmstrahlung becomes the leading
mechanisms for photon production and electrons mainly cool through free-free emission. The timescale for

this process reads

3nek37}

=_——°="° E.1
ZAE(anL), ( 9)

i

where Ag is the free-free cooling rate [705], kpT, = 3/16u,m pvgh is the post-shock temperature of the gas,
with p,, ~ 0.62 being the mean molecular weight for a fully-ionized gas. The post-shock electron density is
ne = 4pcsmmp [ pe and pe =~ 1.18. Finally, Ly, = ZHRéSMPCSM(RCSM)VSh is the total kinetic shock power

computed at the CSM edge.
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