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Abstract

Since molecular hydrogen is the fuel of star formation, the reservoir of molecular hy-
drogen mass is the key to understand the star formation processes in galaxies and
the galaxy evolution across cosmic time. The traditional gas mass tracer is carbon
monoxide. Its line luminosity can be converted into molecular gas mass with a con-
version factor. With the observational difficulty at higher redshift and the dependence
of conversion factor on various conditions, other tracers should also receive attention.
The neutral atomic carbon is an alternative due to its multiple advantages to carbon
monoxide.

As a typical main-sequence star-forming galaxy at z ~ 3, the study of D49 can
hopefully provide knowledge of the Cosmic Noon and the main-sequence at a higher
redshift. With the new observations and measurements on D49, its spectral energy
distribution is fitted with a novel algorithm Stardust. The result is consistent with
previous study and does not support a strong active galactic nucleus existing in D49.

A high CO(7-6)-to-IR ratio is found in D49, indicating there are more CO emissions
than those from star formation activities. Such high ratios are also found in local
galaxy NGC 6240 and distant galaxy BX610 at z ~ 2, in both of which the CO
emissions are believed to be enhanced by shocks. The similar scenario can possibly
exist in D49.

With new detections of [CI] lines, molecular gas mass in D49 can be estimated
from their line ratio and line luminosities. In addition to the gas mass estimation
from Stardust fitting, seven estimates of My, in D49 have been derived. They are

consistent within a factor of three or less.
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Chapter 1

Introduction

1.1 Molecular gas in distant galaxies

Star formation plays an essential role in the evolution of galaxies. It converts gas into
stars and, with the death of massive stars, gas and dust will be ejected back into the
interstellar medium (ISM). Molecular gas, the fuel for star formation, is therefore the
key to understand the star formation processes in galaxies and the galaxy evolution
across cosmic time.

Molecular hydrogen, Hs, is the dominating component in molecular gas in galaxies.
However, its lack of a permanent dipole moment makes the emission from molecular
hydrogen difficult to observe. Its lower roto-vibrational transitions are forbidden, and
the first quadropole line lies 500 K above its ground state, which is significantly higher
than the temperatures in giant molecular clouds (typically ~ 10 K). Therefore, reliable
tracer molecules are needed to detect molecular gas mass in galaxies.

One of the traditional choices of tracer is carbon monoxide, CO, which is the
most abundant molecule after Hy. Its first rotational transition J = 1 — 0 requires a
temperature of ~ 5 K and critical density of 2.1 x 103 cm~2, which can be easily excited
in molecular clouds, and its wavelength Aot = 2.6 mm (105 = 115.27 GHz) falls in a
fairly transparent window of atmosphere when it comes from nearby galaxies, making
it easy to observe from ground-based telescope. Commonly, there are two ways to
express line luminosities at high redshift ([1]):

I/

line

[Kkms™' pc?] = 3.25 x 107 S Av v, 2 D3 (1 + 2) 72, (1.1)
Liine[Lo] = 1.04 X 10733106 Av D3 Vs, (1.2)

where SineAv is the velocity-integrated line flux in Jykms™', D; is the luminosity

distance in Mpc and v,s is the observed frequency of the emission line in GHz. The
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molecular gas mass can be converted from the CO(J = 1 — 0), hereafter denoted as

CO(1-0), with a conversion factor aco by
My, [Ms] = acoLco- (1.3)

Within our Milky Way and Local Group (excluding the Small Magallenic Cloud), the
aco is well-calibrated in a narrow range aco = 3 — 6 My, (Kkms™) "' pc™2 ([2]). Its
dependence on metallicity, gas surface density and galaxy types is also found ([2] 3]),
which brings uncertainty to the estimatation of molecular gas mass.

In addition to the conversion factor issue, CO(1-0) becomes more difficult to ob-
serve for galaxies at higher redshifts, and other tracers should also be considered.
An alternative is the neutral atomic carbon, [CI]. Its atomic fine structure lines,
[CTJ(®Py =3 Po) (Vrest = 492.16 GHz) and [CI|(*Py —3 P1) (Vrest = 809.34 GHz), here-
after denoted as [CI](1-0) and [CI](2-1) respectively, are found to serve as potentially
even better tracer than the traditional CO ([4, [5, 6] [7]). Figure shows the corre-
lation between L’[CI](l_O) (or L'[CI](l_O) /Lir) and Lig, which is similar to what is found
for CO(1-0), suggesting that [CI] can be an effective tracer. Figure shows how
CO and [CI] can trace My,. [CI] lines can be more luminous under various conditions
than CO.

In classical model, the [CI] emission comes from the surface of photodissociation
region (PDR), where CO is dissociated by UV radiation from O and B stars ([g]).
Although its usefulness of being a molecular gas tracer has been questioned, modern 3D
PDR models, including turbulence ([9, 10]), nonequilibrium chemistry ([11]), clumpy
geometries ([12]), and cosmic rays ([13] [14] 15 [16]), have suggested that [CI] co-exists
with CO over a wide range of conditions, with a constant ratio N([CI])/N(CO) ~
0.1 — 0.2 (e.g. [L7, 18] [19]). These [CI] lines are generally optically thin in various
astrophysical conditions so that we can detect higher column densities of cold molecular
gas than CO. The excitation temperatures are 23.6 K and 62.5 K, respectively, and the
critical density for collisions with hydrogen atoms is neq; ~ 102 cm™. Thus they are
able to probe a wide range of ISM. Models show that [CI](1-0) luminosity can correlate
with total gas mass Mg,s better than CO(1-0) ([20]). For high-redshift galaxies, high
cosmic-ray rates are expected and thus CO is destroyed, while [CI] can become more
abundant ([5] [14], 15, [16]). In addition, the excitation conditions of molecular gas can
be directly derived from the line ratio LECI] (2-1) / L’[C (-0 due to its simple three-level
structure ([21]).

Under the assumptions of local thermodynamic equilibrium (LTE) and both [CI]

lines being optically thin, the neutral atomic carbon mass can be derived from L’[CH(l_O)
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Figure 1.1: Left: The LIR_L/[CI](I—O) correlation. Samples include z ~ 1.2 main-
sequence galaxies (red circle), starburst galaxies (black squares), active galactic nuclei
(grey triangles), and sub-millimeter galaxies at z ~ 2.5 (yellow stars) and at z ~ 4
(open green diamonds), in addition to high-redshift quasars (grey stars in open cir-
cles). The blue solid line and the filled area represent the best-fit linear correlation
and the 95% confidence interval. Right: The relation between [CI](1-0)/IR ratio and
Lir, which is a proxy for the gas depletion timescale vs. SFR. Figures are from [6]
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Figure 1.2: Left: The relation between molecular gas mass and line luminosities of
CO, [C]] and [CII], obtained from models for various densities (labelled by color) and
radiation field (labelled by size of marker), for Z = Z (left) and Z = 0.1Z;, (right).

Figures are from [20]
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by ([22])

- 1
Mcy[Me] = 5.706 x 10 4Q(Tex)§e23-6/TexL’[CI](1_O), (1.4)

where Tix[K] = 38.8 x [ln (2.11%)}1 is the [CI] excitation temperature and
Q(Ty) = 1+3e236/Tex 4 57625/Tex i5 the partition function. Then the neutral atomic
carbon mass M|cy can be converted into My, with applying its abundance Xcy =
[CI}/[Hs] = Micy/(6My,). Furthermore, the combination of CO and [CI] emissions
is able to reveal the density and temperature of molecular gas by applying the Large
Velocity Gradient (LVG) model([23]). Such a method has been successfully applied to

study the ISM condition in galaxies at z ~ 2 (e.g. [24, 25]).

1.2 D49 as a template main-sequence galaxy at Cos-

mic Noon

A peak of star formation rate density (SFRD) is found at z ~ 2—3 (e.g. [26],27], Figure
, indicating that frequent star-forming activity is occurring during this period of
the Universe. Such a period is recently known as Cosmic Noon. It makes those galaxies
at z ~ 2—3 important to understand the evolution of galaxy, especially what happens
at the Cosmic Noon.

In the past two decades, the concept of main-sequence (MS) galaxy has been es-
tablished. It has been found in the majority of star-forming galaxies at any redshift
that the star formation rate (SFR) and the stellar mass (M,) are tightly correlated
(e.g. [28, 129, [30]), indicating an uniformity in the star formation histories at least up
to z ~ 2 (e.g. [31 5132, B3] 34] B35)).

Great progress have been made in last decade in measuring the gas mass Mg,s
at high redshifts. Besides using CO(1-0) line and [CI] lines mentioned above, multi-
ple methods such as J > 1 CO lines, spectral energy distribution (SED) fitting and
single-band sub-millimeter /millimeter (sub-mm/mm) continuum are successfully ap-
plied, and single-ionized carbon ([CII]) is also suggested as potential molecular gas
tracer for high-redshift galaxies (e.g. [36] for a recent review, and references therein).
Thanks to the progress, the trend have been found that, at fixed stellar mass, the
molecular gas mass of MS galaxies increases with redshift (and so does the gas frac-
tion feas = Meas/(Mgas + M) ([37]). And the higher gas fractions, attributed to more
efficient gas accretion from the cosmic web at higher redshift, can explain the increase

of typical SFR of MS galaxies. Such progress has also contributed to the study of the
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Figure 1.3: The star formation rate density as a function of redshift, from far-
ultraviolet (FUV, upper right), infrared (IR, lower right) and FUV+IR (left). Solid
lines show the best-fit SFRD across cosmic history. Figures are from [27].

evolution of star formation efficiency (SFE, defined as SFR/My,). It is predicted that
SFE increases slowly with redshift, and early studies shows that the increase in specific
SFR (sSFR, defined as SFR/M,) of MS galaxies with redshift might be due only to
the increase in gas fraction and not to the change of SFE. If so, this would imply that
the peak of cosmic SFRD is caused by a larger availability of molecular gas, rather
than a fundamental change in the small-scale star formation physics. However, it is
also believed that a change in SFE at high redshift is also needed.

Based on above issues, a larger sample of high-redshift galaxies is needed, to help
us to figure out the physics underlying the Cosmic Noon and to extend the uniformity
of star-forming galaxies to higher redshift. D49 is a massive main-sequence infrared-
bright galaxy, originally selected from the optically selected (U, G, R) sample of Lyman
Break Galaxies (LBGs) in the Extended Groth Strip field (EGS) at z ~ 3 in [38]. Exist-
ing observations on D49 include ground-based rest-frame Ly-a emission spectroscopy,
Advanced Camera for Surveys on borad Hubble Space Telescope (ACS/HST) imag-
ing, CO(3-2) line observation with Institut de Radioastronomie Millimétrique (IRAM)
Plateau de Bure Interferometer (PdBI) and multiwavelength photometric observations
from optical to millimeter. In this thesis, we will add new CO(7-6), [CI](2-1) and
[CI](1-0) line observations with NOEMA. These observations allow us to study D49
in extreme detail.

[39] has studied D49 based on its SED and CO(3-2) line observation. Its SED,

covering from mid-IR to millimeter wavelength range, was fitted with the Draine & Li
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(2007, hereafter DLO7) model ([40]) to derive its infrared luminosity Lig, dust mass
Myust and dust temperature Tyue. Its SFR (600 Mg yr~!) and stellar mass (M, =
1.9 x 10" M) were derived respectively from the infrared luminosity and the available
UV to near-IR photometry with applying BC03 models assuming a constant star
formation history. With the derived M, and SFR, D49 is found to locate at the
massive end of MS at z ~ 3, shown in Figure
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Figure 1.4: Location of D49 with respect to the main-sequence at z ~ 3 (solid line)
and its scatter (dashed line), measured by [41]. Figure is from [39)].

We note that its molecular gas mass was estimated by three independent tech-

niques:

1. CO method

The molecular gas mass can be obtained from the CO(1-0) line luminosity Loby
My, [Me] = aco X Lo, (1.5)

where aco is the CO to My, conversion factor. An excitation correction r3; =
0.540.15 was adopted, based on previous studies, to convert its observed L, (3-2)
to L.o. The conversion factor aqo is dependent on the metallicity of galaxy. [39]
assumed a solar metallicity in D49 and used aco-Z relations in various studies
to derive an average of aco = 3.5. Under these assumptions, the molecular gas
mass was derived as log(My,[My]) = 11.48 £ 0.23.

2. 0gp method

This method is based on the Mgas/Maust vs. Z relation found in local galaxies.

6
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If we (1) know the metallicity and the Mg, of a galaxy and (2) assume the
Mgas/Mayst vs. Z relation does not vary significantly across cosmic time, we are
able to derive its My,s. This method actually traces all the neutral hydrogen in
the galaxy thus Mg,s = My, + M. But it can be assumed that My, > My, or
Mygos = Mp,, for the z ~ 3 galaxies, based on both observational and theoretical
studies ([37]). Finally, the gas mass was derived as log( My, [Ms]) = 11.12+£0.25
assuming a solar metallicity in D49, and log(My,[Ms]) = 11.34 £+ 0.25 based on
metallicity derived from a broken fundamental metallicity relation (FMR, [42]),
which relates the metallicity to the M, and the SFR.

3. Rayleigh-Jeans(R-J) method
This method converts the single band measurement of dust emission on the
Rayleigh-Jeans side of the SED into a cold gas mass by applying the observed
relation between cold dust luminosity and gas mass derived from CO(1-0) found
in nearby galaxies ([43, 44]). With the calibration applied to z ~ 3 LBGs, the

gas mass can be estimated from:

log(My,[Ms]) = (1.57 — 8 x 107*AN)
+(0.86 + 6 x 107*AN) log(vL,[Ls)), (1.6)

where AN = A\est —250 pm and v L, = Veps XSy obs X 4™ x DE. Assuming again that
Mo = My,, the gas mass in D49 is estimated as log(My, [Ms]) = 11.29 + 0.31.

These My, estimates from the various techniques are found consistent with each other
within a factor of two or less, making D49 an ideal target to compare various My,-

estimating methods.

This thesis will present the follow-up work of [39]. Combining the existing observa-
tions with our new CO and [CI] lines observations, and dust continuum measurements,
we can further investigate the physical properties of molecular gas in D49 and examine
how good [CI] lines serve as a tracer of gas mass. On the one hand, we focus on D49
itself and expect to figure out its properties, like gas excitation, gas mass and thus
gas depletion timescale, to obtain insights on the physical driver of gas excitation and
star formation activity in D49. On the other hand, from a macro perspective, D49
can serve as a template galaxy at Cosmic Noon. When compared with other main-
sequence, starburst and quiescent galaxies, it may teach us how gas fractions change,
how galaxies grow across cosmic time and what drives the rise of SFRD up to z ~ 3

and the following decline.
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Throughout this thesis, the assumption that Mg ~ My, for D49 at z ~ 3 is
adopted, and it is also adopted that Q,, = 0.3, Qx = 0.7, Hy = 7T1kms~!Mpc~!, in
addition to a Chabrier IMF ([45]).

Table 1.1: General properties of D49, measured by [39]

Name 200(3—2) log Lir log M, Taust log L’CO(372)
(Lo (M) K] [Kkm s~ pc?]

D49 2.846 £0.011 1278 £0.03 11.28+0.12 40.6 +£2.0 10.62 4+ 0.07

1.3 Thesis outline

The rest of this thesis is organized as follows: In Chapter 2, I will present the data
used in this thesis, and the results of data processing and fitting, as a basis for further
discussion. In Chapter 3, I will compare CO and [CI] emissions from D49 with other
local and distant galaxies, and estimate the mass of gas in D49 by several methods.

And finally, I will summarise this thesis in Chapter 4.



Chapter 2

Data processing and Results

2.1 Observation

D49 was observed with the NOrthern Extended Millimeter Array (NOEMA) located in
France. The antennas were pointed towards (RA, Dec) = (14h:17m:29s.234, 52°:34":34".450).
With a redshift of z = 2.846, the expect frequencies of CO(7-6), [CI](2-1) and [CI](1-0)
are respectively 209.74 GHz, 210.43 GHz and 127.97 GHz. The CO(7-6) and [CI](2-
1) lines are in the frequency range of NOEMA Band 3, while [CI](1-0) line is in the
frequency range of NOEMA Band 2. For each band, the total observing time is 2.5
hours, in order to obtain a signal-noise ratio of 5 for each line.

The data were calibrated by the standard pipeline contained in the GILDAS package.
The beam sizes are 1.93"” x 1.48" (PA = 62°) and 3.19” x 2.50” (PA = 63°), respectively
for Band 3 of 1.3 mm and Band 2 of 2 mm.

In the work of this thesis, I have been provided with the one-dimensional extracted
spectra and the continuum, which I worked with. Therefore, the processing of raw
observation data is not part of this work. The spectra were extracted with circular
Gaussian profiles centered at the location of the CO(3-2) emission in [39] and with
a fixed full width half maximum (FWHM) of 0.6” (= 4.8kpc at z = 2.84). The
continuum emission was extracted in a similar way after averaging the line-free spectral
windows. Given the spatial resolution, we did not resolve the source. This is further
confirmed by the consistent continuum flux densities extracted by fitting the emission
with a circular Gaussian, a point source profile, and by reading the brightest pixel in

the cleaned image. Below I present the provided spectra and continuum measurements.
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Figure 2.1: One-dimensional extracted spectrum from D49, expected to contain the
emission lines CO(7-6) and [CI|(2-1).
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Figure 2.2: One-dimensional extracted spectrum from D49, expected to contain the

emission line [CI](1-

0).

Table 2.1: The continuum emission from D49.

Aobs Flux density

[pum] (mJy]
1345.90 1.57£0.04
2057.45  0.30 £0.03
2269.16  0.21 £0.03

10
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2.2 CO and [CI] emission

Figure shows the spectrum which is expected to contain CO(7-6) and [CI](2-1)
emission lines. Assuming both lines can be described by Gaussian profiles and dust
continuum is constant within the wavelength range of the spectrum, three models are

used to fit the spectrum.

1. “All-free” model
For the first model, we assume the two emission lines are independent from each
other so that their central frequencies, line widths and amplitudes are indepen-

dent, leading to 7 free parameters in total.

2. “z-fixed” model
It is naturally that we assume two lines are in the same redshift, as they are from
the same galaxy and the size of galaxy (few tens of kpc) is negligible compared
to its luminosity distance (=~ 2.3 x 10* Mpc). The observed frequencies of two

lines are connected through

CO(7—6) [CI)(2—1)

Vyest _ Vyest o
corre) — [ojen — Lt (2.1)
obs Vobs

3. “z,0-fixed” model
We further assume these lines trace gas that is from the same region of galaxy
and thus moves in the same way. As a result, two lines share the same velocity

width o,,co7—6) = 0y [c1j(2—1), in addition to the same redshift as assumed above.

The best-fit results are shown in Table[2.2] As the central frequency of an emission
is found, we can derive its redshift and luminosity distance Dy. The line width in
velocity space is obtained by o, = ¢ a/fy, where o is the standard deviation of the
Gaussian profile, fjis the frequency corresponding to a zero velocity in observation and
c is the speed of light, and thus the full width at half maximum is given by FWHM =
2.3550,. Then the velocity integrated flux is determined by SAv = /27 - F - 0, where
F' is the amplitude of Gaussian profile.

Figure shows the spectrum expected to contain [CI](1-0) line. However, the
[CI](1-0) line is not significant enough to be distinguished from continuum by eyes.
The above three models are applied to fit [CI](1-0) line, but its redshift or (and) its
line width are fixed as what we obtain from CO(7-6) and [CI]|(1-0) fitting. The best-fit
results are shown in Table [2.3]

In Table [2.2] we find all results from three models are fully consistent within the
uncertainties. The signal-to-noise ratios (SNR) of CO(7-6) line obtained from three

11
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Table 2.2: Fitted results of CO(7-6) and [CI](2-1) from three models.

z,0-fixed z-fixed all-free Units
Dust continuum  (1.21 +0.04) x 1073 (1.21 £0.04) x 107® (1.20 £ 0.04) x 1073 Jy
CO(7 — 6)
Frequency 209.69 + 0.01 209.68 + 0.01 209.68 £0.01 GHz
Redshift 2.84692 £ 0.00018 2.84700 £ 0.00020 2.84710 £ 0.00018
Dy, 23532.2 4+ 1.8 23533.0 £ 2.0 23534.0+ 1.8 Mpc
Amplitude (3.95+0.19) x 107 (3.99 +0.20) x 10~ (3.98 +£0.20) x 1073 Jy
o 0.18 £0.01 0.174+0.01 0.18 £ 0.01 GHz
Oy 253 £ 13 244 4+ 16 252+ 15 km /s
FWHM 595 4+ 29 576 + 37 594 £+ 35 km /s
SAv 2.50+£0.17 2.45+0.20 2.524+0.19 Jy km/s
Signal/Noise 14 12 13
Chz—1)
Frequency 210.39 £ 0.01 210.38 £0.01 210.46 £0.03 GHz
Redshift 2.84692 £ 0.00018 2.84700 £ 0.00020 2.84555 £ 0.00047
Dy, 23532.2+1.8 23533.0 £ 2.0 23518.5 +£4.7 Mpc
Amplitude (166 £ 0.18) x 10~ (156 £ 0.20) x 10~3 (1.69 +0.20) x 10~ Jy
o 0.18 £0.01 0.20 +0.03 0.19 +0.03 GHz
Oy 253 £ 13 292 £ 48 277+ 39 km /s
FWHM 595 £+ 29 (6.941.1) x 10? 651 £ 91 km /s
SAv 1.056£0.13 1.15+0.24 1.17+0.21 Jy km/s
Signal/Noise 8.4 4.8 5.5
Table 2.3: Fitted results of [CI](1-0) from three models.
z,0-fixed z-fixed all-free Units
Dust emission (0.1540.03) x 1073 (0.15 £ 0.03) x 107*  (0.15 £ 0.03) x 1073 Jy
[CI(1 - 0)
Frequency 127.94 127.93 128.03 £5.04 GHz
Redshift 2.84692 2.84700 2.84 £0.15
Dy, 23532 23533 23505.3 £ 1508.6 Mpc
Amplitude  (0.274£0.20) x 1072 (0.30 4 0.26) x 1073 0.004 £ 90.506 Jy
o 0.11 0.09+0.10 0.01 £ 74.94 GHz
O 253 212 £ 215 25+ 169417 km/s
FWHM 596 499 £ 507 59 + 398977 km/s
SAwv 0.17£0.13 0.16 +0.21 0.26 £ 5927.40 Jy km/s
Signal /Noise 1.4 0.75 4.3 x107°

12
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models are close, while the SNR of [CI](2-1) line from z, o-fixed model is higher than
the other two. In Table [2.3] we find all-free model leads to a meaningless result, and
both the other two SNRs are less than three. In terms of SNR, z, o-fixed model is
preferred. Furthermore, as our target is not spatially resolved, fixing line width allows
for less free parameters in fitting and robust measurements of line ratios. Combining
these facts, we adopt the z, o-fixed result for CO(7-6) and [CI|(2-1) lines, and set an
upper limit for [CI](1-0) line due to its low SNR.
Following Eq.(7) in [46], the upper limit is determined as

S[CI](l—O)AU <3 x RMSchannel X £/ 60’Ud’l}, (22)

where RMS hanne 18 the root mean square of observation errors near [CI](1-0) line, o,
is the Gaussian width of the previous fit and dv is the step width of velocity channel.
Here we note that the reference [CI](2-1) line with o, ~ 250kms™! is pretty broad,
which means 1-o width is a small range compared to that of [CI](1-0), as shown in
Figure by a blue region. Thus we compute the upper limit within +30 range,
thus 60 width in total, shown by the green region in Figure [2.4] corresponding to
the /6 factor in our Eq.. The upper limit of D49 [CI](1-0) integrated flux is
0.44 Jykms1t.

With above fitting results and upper limit, the line luminosities can be derived
from Eq.. Results of three lines are summarised in Table

(=)

D49 CO(7-6)

IS

[\V)

Flux density[mJy]

O T T T T T
208.0 208.5 209.0 209.5 210.0 210.5 211.0
Frequency|GHz|

Figure 2.3: Spectrum of [CI](2-1) and CO(7-6) emissions of D49 with binned step
width of ~ 90kms™. The red curve displays the best-fitted spectral profile with
fixing z and . The dashed line represents the constant dust continuum.
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Flux density[mJy]

127.0 127.5 128.0 128.5 129.0
Frequency|GHz|

Figure 2.4: Spectrum of [CI](1-0) emissions of D49 with binned step width of ~
90kms~!. The red curve displays the best-fitted spectral profile with fixing 2z and o.
The dashed line represents the constant dust continuum. The blue and green region
respectively show the range of 1-0 width and 6-0 width, centered at the expected
frequency on [CI|(1-0) at z = 2.847.

Table 2.4: Best-fit results of CO and [CI] lines of D49, with setting ocor—6) = ojcr2-1)
and zco(r—6) = Z[c1(2—1). The upper limit on [CI](1-0) is derived from Eq.(2.2) with
the best-fit redshift zcor—6) = 2[c12—1) = 2.847.

SAv FWHM log L’
[Jykms™!] [kms™!] [Kkms™! pc?]

CO(7-6) 2.50 = 0.17 595 =+ 29 10.25 + 0.03
[CI](2-1) 1.05 4 0.13 595 4 29 9.88 4 0.05
[CI](1-0) < 0.44 595 <9.94
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CHAPTER 2. DATA PROCESSING AND RESULTS

2.3 Stardust fitting

[39] have fitted mid-IR to mm spectral energy distribution(SED) of D49 with the DLO7
model([47]), to derive dust mass and infrared luminosity. In this work, we extend SED
to an optical-to-mm range, and fit it with a novel SED fitting algorithm, Stardust
([48]), which allows us to include the contribution from active galactic nuclei (AGNs).

Stardust can fit stellar, AGN and dust components at the same time but in-
dependently, without assuming an energy balance between the absorbed UV /optical
radiation and the IR emission, as other codes assuming so (e.g. CIGALE, [49, 50, [51] ;
MAGPHYS, [52, 53]). Stellar models in [54], AGN models in [55] and dust models in [40]
are used in Stardust to create templates.

The data we use are listed in Table and the best-fit SED is shown in Fig. [2.5
Our data includes observations from Kitt Peak 4 m Mayall telescope (KPNO), Spizer
telescope, Herschel telescope, IRAM 30 m telescope and NOEMA. Despite allowing for
an AGN contribution in the mid-IR, the code does not provide a meaningful solution
with a strong AGN (fagny = 0.01 £ 0.33, with SNR < 3 on the infrared luminosity
contributed by AGN Lig(AGN)). In other words, the emission can be fully accounted
for with stellar + dust templates. We list physical properties returned by Stardust
fitting in Table [2.4. The infrared luminosity is consistent with what obtained in [39],
but we find higher dust mass and stellar mass, and lower gas mass. The metallicity
derived by FMR ([42]) and calibrated by [56] with using M, and SFR estimates is
12 + log (O/H) = 8.71, which is close to the solar metallicity of ~ 8.7.

102
. D49 - Total
10 2 = 2.847 Stellar
o Dust
10 .
- Radio
E 1071
=
4
102
1073
10~ ; ‘ ‘ ‘
10° 10! 102 103 104
Aobs [Hm]

Figure 2.5: Spectral energy distribution of D49. The black line shows the Stardust
best-fit SED, while the contribution from stars and dust are respectively shown in blue
and red filled region. The grey region presents the contribution from radio continuum,
based on the radio-FIR model described in [57], which is, however, not considered in
Stardust fitting routine. It could serve as a posterior to the probability of existence
of AGN ([48]).
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CHAPTER 2. DATA PROCESSING AND RESULTS

Table 2.6: Best-fit results from Stardust fitting, with and without an AGN compo-

Table 2.5: Optical to mm photometry of D49.

Band Flux [mJy]

KPNO, uBand?® 1.514+1.01 x107*
KPNO, g Band® 1244021  x1073
KPNO, r Band?® 1.454+0.13 x1073
KPNO, J Band® 2.15+0.36  x1073
KPNO, K Band® 592+0.71 x1073
SpizerIRAC, 3.6 ym?* 1414004 x1072
SpizerIRAC, 4.5 pm?® 1.87+£0.09 x1072
SpizerIRAC, 5.8 ym? 223+£0.14 x1072
SpizerIRAC, 8.0 um? 2.534+0.14 x1072
Spizer MIPS, 24 pmP 0.09 + 0.03
HerschelPACS, 100 umP 4.274+1.22
HerschelPACS, 160 um" 12.21 + 3.56
Herschel SPIRE, 250 jumP 15.08 + 1.80
Herschel SPIRE, 350 pumP 18.19 4+ 1.84
Herschel SPIRE, 500 pmP 11.83 £2.37
IRAM 30 m Telescope, 1.2mmP 1.79 + 0.37
NOEMA, 1.3 mm¢ 1.57+0.04
NOEMA, 2.0 mm® 0.30 +0.03
NOEMA, 2.3 mm®¢ 0.21 +0.03

& Rigopoulou et al. (2006)
b Magdis et al. (2017)
¢ This work

nent.

w/ AGN w/o AGN
log Lir[Le)] 12.754+0.02 12.754+0.02
log Lir(AGN)[Ls] 10.74 £ 0.56 -
faan 0.01 £0.33 -
SFR[My yr!] 565 4 21 566 =+ 24
log Must[ M) 9.27+£0.03 9.27 +0.03
log Mas[ M| 11.19 +£0.03 11.1940.03
log M, [Ms)] 11.39 +0.20 11.61 +0.16
Gas-to-dust ratio 83 83
12 +log (O/H) 8.71 8.71
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Chapter 3

Discussions

3.1 CO and [CI] emission from D49 compared with

other galaxies

In Figure we plot relations between luminosities of three detected lines and the
total infrared luminosity Lig. As a comparison, we include the local and high-redshift
galaxy samples in [7] (labeled as "local” and "highz” respectively), samples in [5§]
(labeled as "ASPECS”) and samples in [59] (labeled as ”Valentino+2021”). These
samples and observations were collected from different works in the literature to study
how neutral atomic carbon serve as tracer across cosmic time, therefore these samples
cover the range from local galaxies (z < 0.05) to distant galaxies (z ~ 2—5). The black
dashed line shows linear regression between line luminosities and infrared luminosity,
fitted with all the above samples with linmix ([60]). This code is in a Bayesian
framework and fully accounts for uncertainties on both variables and upper limits on

the line luminosities. The best-fit logarithmic linear regressions are

log Lo r_g) = (0.93 £ 0.02) x log Lig — (2.18 £0.22), 0 = 0.334 £ 0.017, (3.1)
log Licyo_1) = (0.83 £0.02) x log Lig — (1.07 £0.27), 0 = 0.274 £ 0.015, (3.2)
log Licy_g) = (0.75 £ 0.03) x log Lig + (0.45 £ 0.34), o = 0.211 £ 0.013, (3.3)

where Lig is in the unit of L. and line luminosities are in the unit of Kkms™! pc?.
We find the intrinsic scatters o < 0.3 dex for all three correlations.

In addition, we also include two massive star-forming main-sequence galaxies BX610
([24]) and Q1700-MD94 (]25], hereafter noted as MD94) at z ~ 2. Both of them are
considered as typical main-sequence galaxies and have similar observation coverage as
D49. Two neutral atomic carbon lines, [CI|(2-1) and [CI](1-0), from these two galaxies
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CHAPTER 3. DISCUSSIONS

are detected, as well as several CO transitions. For MD94, its molecular gas mass es-
timations from dust continuum, CO emission and [CI] emission are comparable within
a factor of ~ 2, suggesting [CI] a good gas mass tracer in MD94 under a set of reason-
able assumptions for massive galaxies. For BX610, gas masses estimated from dust
continuum and neutral carbon are consistent with each other, however both are higher
than the CO-derived gas mass, which is strongly dependent on the assumption on CO
conversion factor aco of BX610. Furthermore, the mid- and high-J CO transitions are
found enhanced in BX610, and the SLED analysis suggests that a shock component
is needed to explain such an enhancement. A similar scenario is also found in NGC
6240, which inspires us to include it in our comparison as well.

NGC 6240 is a widely studied local galaxy (e.g. [61} [62] [63] 64]), with a triple
nucleus system found in its central region ([65]). [66] found the enhanced CO emission
in NGC 6240, making its CO(7-6)-to-IR ratio a outlier of local (U)LIRG samples ([67]).
Its CO SLED analysis suggests a shock existing in NGC 6240 and being responsible to
the CO enhancement. A high CO(7-6)-to-IR ratio is also found in D49, therefore, we
compare our target D49 with NGC 6240 to find out if they are similar in some ways
so that we can try to explain what may enhance the CO emission in D49, despite that
NGC 6240 is a local galaxy at z ~ 0.02.

In Figure we find our target galaxy D49 has a higher CO(7-6) emission than
the prediction at its infrared luminosity, and so does other three galaxies NGC 6240,
BX610 and MD94. As for the relation between [CI] lines and infrared luminosity,

theses four galaxies follow the trend we find in our samples.

3.2 Potential shock in D49
For a Chabrier IMF ([45]), the SFR can be estimated from Lig by ([8])
SFR[Mgyr] = 1.0 x 10" Lig[La]. (3.4)

[67] found that CO(7-6) luminosity can also predict the SFR in local galaxies. However,
NGC 6240 has a significantly higher CO(7-6)-to-IR ratio than the average (log % =
—4.88 £0.01). A high CO(7-6)-to-IR ratio is also reported in BX610 ([24]).

Similar to NGC 6240 and BX610, we also find a high CO(7-6)-to-IR luminosity
ratio in D49. In Figure M, we convert Leq ;g [K - km - s7'-pc?] to Loor—e)[Le] by

(181)

Leor—6) = 3 % 10_11”%0(776)1/00(776)7 (3.5)
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Figure 3.2: The relation of LC%;’“ to Lig. Labels are the same as those in Figure
The best-fit correlation is re-plotted in the new coordinates, shown as dashed straight
line. D49 and the other three galaxies share a high CO(7-6)-to-IR ratio, possibly
enhanced by shocks.

where vco(r—e) is the rest frequency of CO(7-6) in GHz. We obtain log%%;"” =
—4.30 £ 0.04, while such a value is ~ —4.12 for NGC 6240 ([66]), and ~ —4.49 for
BX610 ([24]). For MD94, we derive its Lir[Ls] = 10 x SFR[M,yr~!] from its
SFR = 271 Mgy yr~! ([68]) and we find a logarithmic CO(7-6)-to-IR ratio of —4.30.
Following Eq.(1) in [67], the SFR of D49 derived by Lco(r—6) would be ~ 3500 Mg /yr,
which is significantly larger than SED fitting result of ~ 600 Mg /yr. Even though
the SFR-Lco(r—¢) correlation in [67] was found in local galaxies, it is still available
when applying to a high-redshift galaxy ([69]). Since the CO emission is higher than
what one would expect from Lig and thus SFR-driven heating mechanisms, other
possibilities not affecting Lig should be considered.

It is believed that the CO emissions in NGC 6240 are excited by shock ([66], [70]),
and [24] suggest that shock may also exist in BX610. We therefore suspect a similar
shock scenario in D49. The shock in NGC 6240 is likely caused by the collision of
ISM due to merging ([66]), while the origin of shock in BX610 remains unknown. In
lack of enough detected CO lines and morphological observation, we are yet unable
to deduce how the shock originates and enhances CO emission in D49. Figure
presents CO spectral line energy distributions of these four galaxies, normalized by

Ico(s—2). Despite there are only two points for D49, they still show a similar trend to
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those of NGC 6240 and BX610, the latter two of which can be well explained by a
shock-included model. determined the existence of AGN in MD94 from spectra,
but its CO(7-6) is not excited as much as the other three. This implies the mechanism

behind CO enhance could be more complicated than shock.

T 100_
W i
= i
El, i —$— D49
o i —$— NCGC 6240
: BX610
101 ! —$— MD94
2 4 6 8 10 12
UpperJ
100___" I _________________________________
9
~M
~
~ !
iy ) —4— D49
25 10777 —— NGC 6240
BX610
—$— MD94
2 4 6 8 10 12
UpperJ

Figure 3.3: CO spectral line energy distributions of D49, compared to BX610, NGC
6240 and MD94, normalized by their own Icos—2). Since a high CO(7-6)-to-IR ratio

is also found in MD94, we expect MD94 an outlier in %I?Q:Q)—IR relation.

3.3 [CI] as a gas mass tracer in D49

The mass of neutral carbon can be estimated from LECI] (1-0) by Eq.(1.4). However, with
only upper limit of [CI](1-0) detected, we can only roughly estimate the lower limit
of [CI] excitation temperature T, > 41 K and the upper limit of neutral carbon mass
Micy < 1.1x 10" M,,. This temperature is close to the dust temperature Ty,e = 412K
obtained by MBB model in [39].

[6] found a mean value of log([CI]/[Hs]) = —4.7 £ 0.1 for local MS sample at
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z ~ 1.2, where [CI]/[Hs] = Mjcy/(6Mp,). Assuming it is also valid at z ~ 3, we
find My, < 9.3 x 101°M,, corresponding to log My, < 11.0. Notice that the helium
contribution is not included here. A factor of 1.36 should be taken into consideration
to include helium, and thus the estimate is log My, < 11.1. [6] also found a mean
ratio of log(Mcr/Maust) = —2.20 £ 0.03, and it leads to Mgus < 1.8 x 107 and thus
log Mgt < 9.3. These two masses are consistent with both what we obtain from
Stardust fitting and those in [39] within a factor of two. With the upper limit of
My,, the gas depletion time scale will be 74, = Mp,/SFR < 0.22 Gyr. This means
that the galaxy will exhaust its gas mass in relatively short time and possibly transition
to quiescence. This is consistent with the fact that it is a very massive objects in the
bending part of the main-sequence.

We further plot logarithmic [CI](1-0)-to-IR and [CI](2-1)-to-IR ratios as functions
of infrared luminosity in Figure and Figure . Because of Licy gy o< Micy o
Mgas and Lig o SFR, the ratio of L,[CI}(I—O) to Lig can represent the gas depletion time
scale Tqep. [72] found an average T4ep = 0.68730% Gyr for their z = 3.2 sample, which
means that D49 has a much shorter depletion time. Such a trend can be also found
in Figure [3.4] as [CI](1-0)-to-IR ratio is lower than most of other galaxies.

In Figure [3.5 we find a tighter correlation between logarithmic [CI](1-0)-to-IR

ratio and Lig. According to [21], the mass of neutral carbon can be also derived from
L/[CI](Q—I) as
1
2 - . ex
Mgy = 4566 x 1074Q(Tux) £ Licyp 1. (3.6)
Therefore, we obtain an upper limit of neutral carbon mass M[(gﬂ < 1.1 x 10" M,
which is the same as what we derive from [CI](1-0) line.

According to our measurements, we find a [CI]|(2-1)/[CI](1-0) line flux ratio of R =
Siene-1nAv/Siena-0Av > 2.25. The kinetic temperature of [CI] can be derived by
Tiin = aTyuse With adopting o = 1.2 for main-sequence galaxies([73]) as Tig, = 49.2 K.
This temperature agrees with the previous estimation from line luminosity ratio. In

Figure we can find the molecular density of n ~ 10*cm™2 and thus Q¢ ~ 0.45,
Q21 =~ 0.3. This allows us to estimate hydrogen mass without assuming LTE as ([74])

X[cnN\ '/ A -
My, = 1375.8D2 (1 + 2) ( 1([)5]> (10;21> (3.7)

X Q10 S(cr -0 Av,

where A;p = 107719571 is the Einstein A coefficient. Then we obtain the estimation
of hydrogen mass as My, < 1.6 x 10" M and thus log My, < 11.2. This result has
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Figure 3.4: The relation of L[Cgf(;o) to Lir. Labels are the same as those in Figure

The best-fit correlation is re-plotted in the new coordinates, shown as dashed
straight line. This plot can proxy the relation between the gas depletion time scale
Tdep and star formation rate. Due to the upper limit of L’[CH(PO), we can only derive
Taep < 0.15 Gyr for D49, which is significantly lower than what [72] found for a z ~ 3
sample.

included the helium contribution, and it is close to the estimation from [CI] line pair
and the relative neutral carbon abundance.

Inspired by [5], the hydrogen mass can also be estimated with [CI](2-1) as

X[icr\ '/ A -
My, = 1375.8D% (1 + 2) ( 1£)5]> (1072;1> (3.8)

X Q51 Sicr -1 Av,

which leads to the same result as above.

So far, seven estimates of My, in D49 have been derived, either from independent
methods or same method but under different assumptions. The estimates are sum-
marised in Table. [3.1 All the estimations are consistent within a factor of three or
less. Stardust fitting gives the smallest relative error. Due to only upper limit is de-

tected for [CI](1-0) line, we can only set upper limits when the estimations are related
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Figure 3.5: The relation of L[Cgff;” to Lig. Labels are the same as those in Figure
The best-fit correlation is re-plotted in the new coordinates, shown as dashed straight
line. This plot can also proxy the relation between 74, and SFR, since [CI](2 — 1)
can serve as a tracer of neutral carbon mass as well.

to [CI](1-0) line. Future observations may break this limit. We also note that those
estimations from [39] are dependent on conversion factors, Mg,s/Maust vs. metallicity

relation or Mg,s dependence on R-J tail of SED, which can also cause the variation

between results.

Table 3.1: Hydrogen mass estimations by different methods.

Method Estimated log My, [M]
CO ({r3;) = 0.5+ 0.15, aco = 3.5)* 11.48 £0.23
dapZe® 11.1240.25
dap” broken” FMR? 11.34+0.25
R-J? 11.29 4+ 0.31
Stardust fitting” 11.194+0.03
[CI] pair(LTE)P <11.1
[CT] pair(non-LTE)P <11.2

» Magdis et al. (2017)
b This work
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Figure 3.6: Upper: Neutral atomic carbon line ratio Sicre—1)/Sjcr@—o) as a function
of kinetic temperature Ti;,. Tiin is connected with dust temperature Tyust by Tiin =
aTyust, where a = 1.2 for main-sequence galaxies and o = 2.5 for starburst galaxies.
Curves are labelled by the corresponding values of log(n), where n is the gas density.
The red star shows the position of D49 in this plot, from which we find the molecular
gas density n ~ 10* cm~3. Figure is modified from [73]. Lower: The factors Qo (left)
and Q91 (11ght) as functions of Ti;,, in different molecular gas density. Q190 = N1/Niotal,
where N7 is the column density of neutral atomic carbon at its first energy level and
Niotar 18 the total column density of neutral atomic carbon. ()91 is similarly defined
as Qa1 = No/Niotal- The red stars show the positions of D49 in these two plot, from
which we find Q19 = 0.45 and Q21 ~ 0.3 for D49. Figures are modified from [73].
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Chapter 4
Conclusions

In this thesis, the properties of molecular and atomic gas in the massive main-sequence
galaxy D49 at z = 2.847 are studied, using the new NOEMA spectra and continuum

measurements. The conclusions are summarised as below:

1. Based on different physical assumption, three models are used to fit the spectra
of CO(7-6), [CI](2-1) and [CI|(1-0). For CO(7-6) and [CI|(2-1) lines, as results
from three models are consistent, the model with fixed redshift and line width is
adopted due to it allows for less free parameters and robust line ratio measure-

ment. For [CI|(1-0), an upper limit is set due to its low SNR.

2. With the help of a novel SED fitting algorithm Stardust([48]), we fit the SED of
D49 in the range of optical to millimeter. The fitting result suggests that D49 is
unlikely to host a bright AGN substantially contributing to the mid- and far-1R

emission.

3. We find a high logarithmic CO(7-6)-to-IR ratio of log LC%;’S) = —4.30 £ 0.04.
With such a ratio, the SFR predicted by CO(7-6) would be ~ 6 times larger than
SEFR derived from its infrared luminosity. Mechanisms enhancing CO emission
but nor affecting Lig should be considered. By comparing D49 with IR-bright
galaxies in the local universe (NGC 6240) or objects on the main-sequence at
z ~ 2 (BX610), we consider shocks as a possible cause of the enhanced CO(7-6)
emission over the expected value based on Lig. This might be due to a recent
merger (similar to NGC 6240) or gas accretion, despite all gas mass estimates
being consistent with the rest of MS galaxies. Future observations mapping
more CO lines would help us determining the SLED at much higher accuracy
and thus, via modeling, to test our hypothesis about the role of shocks in heating

the molecular gas.
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4. We find a lower limit of [CI] excitation temperature T, > 41 K in D49, which is
close to the dust temperature Ty, = 41 + 2K obtained by MBB model ([39]).
We estimate My, and My, With adopting the average neutral carbon abundance
found in local MS sample at z ~ 1.2. The estimations agree with our SED fitting.
We further estimate neutral carbon mass using [CI](2-1) and obtain the same
result as that from [CI](1-0).

5. We apply the non-LTE assumption to our target D49 and estimate the molecular
density, which allows us to estimate the My,. Seven estimates of My, in D49
have been derived so far, either from independent methods or same method but

under different assumptions. They are consistent within a factor of three or less.
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