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Abstract

Young star-forming galaxies in the early Universe can be identified by their
intense Hydrogen Lyman-α (Lyα) emission that is bright enough to be projected like a
beacon nearly all the way across the Universe. This radiation provides valuable insight
into the formation of the first galaxies and their evolution over cosmic time. The goal of
this project was to take advantage of this illuminating emission line to understand the
lives of the smallest of these star-forming galaxies. What follows is a summary of our
findings thus far.

We present a sample of 17 bright, yet extremely compact (∼ 1 kpc size) Lyα
emitters (LAEs) at z ∼ 4−7 selected from a parent sample of 1060 Lyman-break galaxies
(LBGs) observed in (Hubble Space Telescope) HST data in 4 of the 5 CANDELS fields.
We compare and contrast the sub-sample and parent sample with the aim of identifying
the cause of the compact nature of these objects.

We make relative size measurements by fitting Sérsic profiles to the Lyα line and
UV continuum morphology images, and find that the sub-sample of LAEs is generally
more compact than the parent sample of LBGs. Within the sub-sample, Lyα morphology
is more compact than UV continuum, contrary to the expectation of extended halos.

We also fit templates to the spectral energy distributions (SEDs) of the objects
based on photometric flux measurements from the Skelton catalog (Skelton et al. 2014).
Here, we find that the sub-sample star-formation rates and stellar masses are generally
higher than the parent sample.

Based on our results and findings from literature, we tentatively conclude that
the compact nature is partly a true physical feature of high-z LAEs and partly due to
observational limitations. In other words, it is both a feature and an anomaly.
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Chapter 1

Introduction

In this chapter, we provide some scientific background on relevant topics, in-
cluding astro-physical properties of the objects we study, the methods used to detect
and measure these objects, and some common analysis techniques used to retrieve the
physical properties from observations.

1.1 Morphology

A galaxy’s structure is a result of the physical processes that occur in its life-
time such as its assembly, interaction with its surroundings and nearby objects, and its
star-formation history. Therefore, measuring and quantifying galaxy morphology, and
studying how it evolves across cosmic time (i.e., with decreasing redshift (z)) can give us
crucial information about their stage of evolution at each cosmic epoch.

The traditional classification of galaxy morphology involves the Hubble tuning
fork diagram (Hubble 1926) that classifies galaxies into elliptical, spiral, and irregular
(e.g.Jarrett 2000). This classification led to the theory that galaxies evolve from spiral
to elliptical via irregular, which is thought to be two galaxies in the process of merging.
All the gas in the merging galaxies is used up during the intense star-bursting episode
that results from the merger, leaving a quenched elliptical in their place (Baugh, Cole,
and Frenk 1996).

However, the traditional Hubble sequence is of limited applicability at high-z
(see Sec.2.2.1). In this case, galaxy structure must be studied using either parametric
and non-parametric methods. Parametric approaches fit analytic models to a galaxy’s
light distribution (e.g; Boris Häußler et al. 2013, Robotham et al. 2017). Such parametric
methods are valuable for classifying symmetrical Hubble-type galaxies. However, they are
known to break down for more irregular, peculiar-type galaxies, as they assume a smooth
light distribution. But for our compact objects, parametric fitting using the Sérsic profile
(Sérsic 1963) seems to work well (Sec.3.2.2).

1
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Sérsic Profile

The two-dimensional surface brightness of galaxies is often described in terms
of the Sérsic profile (Sérsic 1963), which takes the form

Σ(r) = Σe exp

[
−κ

((
r

re

)1/n

− 1

)]
(1.1)

where re is the effective radius defined such that half of the flux lies within re, and Σe is
the surface brightness at re. The parameter n, which is coupled to κ, is the Sérsic index;
a higher Sérsic index indicates a steep inner brightness profile and more extended wings,
while a lower index indicates a shallower profile at small radius and less extended wings.
κ is a free parameter defined as κ = Γ(2n)

2
, where Γ is the complete gamma function.

The case of n = 4 is the de Vaucouleurs profile, often used to model classical bulges (de
Vaucouleurs 1948). Values of n = 1 and n = 0.5 describe exponential disks and Gaussian
profiles, respectively (Kimbrell et al. 2021).

The Sérsic index provides a classification scheme analogous to the Hubble tuning
fork, where a low Sérsic index describes a “disky” galaxy and a higher index is charac-
teristic of a more centrally concentrated elliptical morphology (Fig.1.1).

Fig.1.1 shows Sérsic profiles with varying Sérsic indices, where re and Σe are
held fixed. This plot can be read as the upper right quadrant of a face-on galaxy. As the
Sérsic index increases, the central core profile gets steeper, and the outer wing becomes
more extended. A low n has a flatter core and a more sharply truncated wing.

1.1.1 UV Continuum vs Lyα Line

We can compare the size of the source as it appears in various bands, including
UV, IR, and optical to estimate stellar, gas, and dust components. Nelson et al. 2012
compared the Hα morphology with the stellar continuum morphology of galaxies at
z ∼ 1, and found that the Hα emission is slightly more extended. Since Hα scales with
the quantity of ionizing photons produced by hot young stars, it can be used to trace the
young, high-mass stellar population. The rest-frame optical or near-IR stellar continuum
emission, on the other hand, traces the stellar mass of a galaxy, which is dominated by
the old stellar population. They thus surmised that the the youngest stars have a more
extended distribution than older stars, meaning star formation was proceeding from the
center of the galaxy to its edges. In other words, the galaxies were forming stars inside-
out.

In this project, we compare the morphologies as observed in the UV continuum
and Lyα line. The former traces the massive O and B stars, while the latter traces
the gas both immediately around these stars, but also up to a large distance out of the
star-forming regions, thanks to the scattering effects of Lyα (see. Sec.2.1.1).

The reason for choosing Lyα over Hα and UV continuum over optical continuum
is simple. For the galaxies of interest at z > 4, the Balmer-series hydrogen recombination
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Figure 1.1: Sérsic profiles with each colored curve representing different
Sérsic indices (Peng et al. 2010)

lines like Hα and the rest-frame optical stellar continuum are redshifted to infrared
wavelengths beyond the reach of current instrumentation.

Lyα

Most of the Lyα emission we see from a galaxy is produced when H recombines
in the neutral interstellar medium after being ionized by high energy photons from hot,
massive main sequence O and B stars (and AGN if any). 2/3 of these ionizing photons
are converted into Lyα photons, resulting in what can often be the strongest feature in
a galaxy’s spectrum. The first major burst of star formation in a young, high-z galaxy
is therefore expected to produce large numbers of ionizing photons in a mostly dust-
free environment, which is exactly the kind of location where we expect to emit copious
amounts of Lyα photons.
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This is why beginning in the 1960s, Lyα emission has beeen used as a signature of
young galaxies in the absence of dust (Partridge and Peebles 1967). Several studies since,
such as the Large Area Lyman Alpha (LALA) survey (J.E. Rhoads et al. 2001,Malhotra,
J. Rhoads, et al. 2001) and Lyman Alpha Reference Sample (LARS) survey series (Hayes,
Östlin, Schaerer, et al. 2013, Hayes, Östlin, Duval, et al. 2014), have utilized this feature
to identify dust-free young galaxies.

However, the observation of Lyα itself does not guarantee a young age or absence
of dust (Finkelstein et al. 2015), but only indicates active star formation and lack of dust
along the line of sight. The properties we derive will accordingly be affected by our point
of view in time and space.

Furthermore, Lyα undergoes resonant scattering (see Sec.2.1.1), which creates
large, extended halos around the stars.

Thus, our Lyα observations trace the gas (out to large distances) around young
stars during a star-forming episode (not necessarily the first) in the lifetime of the galaxy.

UV Continuum Emission

In a galaxy, the UV continuum radiation is produced directly by O and B stars,
akin to continuous blackbody radiation. Thus, continuum emission traces the young
stellar population in a galaxy. Just as in the case of Lyα, the properties we derive based
on UV continuum morphology are affected by the amount of gas and dust along the
line of sight. That said, the SNR for continuum observations is higher (see Table 3.1),
which will allow us to discern more diffuse structure and features we may miss in line
observations.

1.2 Astro-physical Properties from SED

Just as with morphology (Sec.1.1), extracting physical properties requires model-
based fitting of the SED. For this project, we use the Easy and Accurate Zphot from Yale
(EAZY; G. B. Brammer, P. G. van Dokkum, and Coppi 2008) algorithm to perform this
fitting (Sec.3.3.1).

The spectral energy distribution (SED) of galaxies is used to derive photometric
redshifts and basic physical properties such as stellar mass and SFR (e.g. Conroy 2013,
Salvato, Olivier Ilbert, and Hoyle 2019).

Rest-frame UV to optical SEDs of high-z LAEs can be obtained from the combi-
nation of deep optical and near-infrared data (Gawiser et al. 2007,Gawiser 2009,Lai et al.
2008,Jiang, Finlator, et al. 2016). Although, addition of longer wavelength flux data is
necessary to probe the dust peak.

The accuracy of derived properties depends on the galaxy type, redshift range,
specific set of filters, observational depth, treatment of line emission contributions, and
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availability of spectroscopic redshifts to calibrate the photometric redshift (Förster Schreiber
and Wuyts 2020). But especially in well-studied fields such as GOODS-S and COSMOS,
extensive photometry in ∼ 40 optical to mid-IR bands, photometric redshift estimates
lead to very high accuracy (Skelton et al. 2014, Laigle et al. 2016).

IMF

The Initial Mass Function (IMF) of a galaxy gives the distribution of stellar
masses, i.e., how many more low-mass stars there are compared to high-mass stars. This
has been studied extensively for the nearby Universe. For the solar neighborhood, we
commonly use the Kroupa (Kroupa 2001) or Chabrier IMF (Chabrier 2003) and for the
galactic disk, the Salpeter IMF (Salpeter 1955). Each one has slightly more or fewer stars
of one kind than the other; the Salpeter IMF is more bottom-heavy than Kroupa, i.e.,
it has more low-mass stars, Chabrier IMF has more high-mass stars than Salpeter, and
so on. However, it is impossible to say whether any of these describes in any detail, the
true distribution of stars in distant galaxies.

For lack of better information, the IMF is assumed to be universal, with the
same shape at all times and in all galaxies. Usually, it is one of those mentioned above.
Unsurprisingly, the IMF is one of the largest sources of systematic uncertainty in mea-
surements of mass from light (Conroy 2013).

In this work, we assume a Chabrier IMF for all our calculations.

UV SFR

The star formation rate (SFR) of a galaxy is the amount of gas mass that it is
converting into stars per unit time. This is related to the number of O and B stars it
has, because once the galaxy stops forming stars, this stars quickly die out within a few
tens of Myr. These stars emit the vast majority of their light in the UV. Hence, the UV
luminosity can be used as a tracer for star formation rate.

For a Salpeter IMF, and within the wavelength range of 1500 to 2800 Å, the
UV SFR can be calculated from UV luminosity using the Kennicutt relation (Kennicutt
1998) as

SFR(M�yr
−1) = 1.4× 10−28Lν(erg s

−1 Hz−1). (1.2)

Then, using

MUV = −2.5log(Lν) + 51.6, (1.3)

for a Chabrier IMF, the UV SFR is estimated as

SFR(M�yr
−1) = 3.8× 10−8 × 10− (MUV +AUV )

2.5 (1.4)

where SFR is the star formation rate in solar masses per year, MUV is the absolute UV
magnitude, and AUV is the UV dust extinction term.
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1.2.1 SFR vs Stellar mass

A plot of SFR vs stellar mass (M∗) tells us how “active” a given galaxy or
population of galaxies is. Normal galaxies like our own Milky Way (M∗ ∼ 1011M�,
SFR ∼ 1M�yr

−1) tend to lie somewhere in the middle. Star-bursting galaxies go higher
and quiescents go lower on the plot.

The existence of a strong correlation between SFR and stellar mass of galaxies
was first established based on the vast number local galaxy statistics obtained from the
Sloan Digital Sky Survey (Brinchmann et al. 2004). Further studies established the
main-sequence where normal Milky-Way type galaxies lie (Daddi et al. 2007, Rodighiero,
Daddi, et al. 2011).

Recent studies have quantified the scatter, slope, normalization, and turnover
points, finding that these quantities depend upon the sample selection methods and
tracers used to calculate the SFR (Whitaker et al. 2015, Tomczak et al. 2016, Katsianis
et al. 2020). The SFR-stellar mass relation also evolves with redshift (Kurczynski et al.
2016, Pearson et al. 2018). Although the slope remains approximately constant, the
intercept (normalization) increases with increasing redshift (Fig.8 Speagle et al. 2014).

Typical LAEs have stellar mass (M∗ ∼ 108−9M�) and SFR of ∼ 10M�yr
−1

(e.g.: Kusakabe et al. 2018, Guaita et al. 2011), making them high-z analogs of local
dwarf galaxies. Compared to other star-forming galaxy populations, LAEs are observed
to have higher SFRs. However, Hagen et al. 2016 find that not all LAEs fit into this
picture; they, in fact, can have a very wide range of stellar masses (at least three dex or
more).

Figure 1.2: A log-log plot of star formation rate and stellar mass of
galaxies at various redshifts. The darker-shaded regions indicate a
higher number of individual objects in bins of stellar mass and SFR.
Yellow circles with error bars are medians in bins of mass (purple er-
ror bars show the 68% range of errors from Monte Carlo simulations).
The median SFR of a wider, high-mass bin is also shown by the dashed
black circle. The white hatched regions mark the limit above which
completeness effects become negligible. (Salmon et al. 2015)

Fig.1.2 shows a typical SFR-Stellar mass relation at z ∼ 4, 5, and 6, taken from
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Salmon et al. 2015. They find no evolution of the slope of the relation with redshift.

1.2.2 Galaxy Luminosity Function

The galaxy luminosity function (LF) gives the number of galaxies per magnitude
per unit comoving volume of space. It tells us the distribution of galaxy luminosities at a
given redshift, i.e., how many bright vs how many faint galaxies there are. The Schecter
function (Schechter 1976) is a common empirical function used to describe the LF. The
differential number of galaxies in a given luminosity bin is given by

n(L)dL = φ∗
(
L

L∗

)α
e−L/L

∗ dL

L∗ (1.5)

where L is galaxy luminosity, and L∗ is a characteristic galaxy luminosity where the
power-law form of the function cuts off. The parameter φ∗ has units of number density
and provides the normalization. α is the faint-end slope parameter. In terms of magnitude
M, the Schechter function is

n(M)dM = (0.4 ln 10)φ∗[100.4(M∗−M)]α+1 exp[−100.4(M∗−M)]dM (1.6)

where M∗ is the characteristic absolute magnitude at normalisation point. Both α and φ∗

are determined empirically for each population of galaxies by fitting the curve to observed
data.

Fig.1.3 shows the evolution of the LF with redshift. Taken together, these curves
show the buildup of galaxies from z ∼ 8 to z ∼ 4.

In practice, the observed LF is affected by the completeness of our sample (John-
ston 2011). For instance, the phenomenon known as the Malmquist bias (Malmquist 1922)
results in more bright galaxies than faint ones being detected. This gives rise to a com-
pleteness function that declines rapidly at faint magnitudes. Without proper corrections
applied to compensate for the incompleteness of the sample, the LF would rise and then
fall as our detected number counts fall, even as the true number counts continue to rise.
At even fainter magnitudes, however, we expect a turnover in the true number counts as
well, because it is difficult for very low-mass halos to host star-forming galaxies due to
inefficiency of gas cooling (Liu et al. 2016).

Studies find that the Lyα LFs show three evolutionary trends: a monotonic
increase from z ∼ 0 to 3 (Deharveng et al. 2008, Oesch et al. 2010), no evolution from
z ∼ 3 to 6 (Herenz, Lutz Wisotzki, et al. 2019) and sometimes even z ∼ 3 to 7 (de
La Vieuville, Bina, et al. 2019), and a rapid drop beyond z ∼ 6 to 7 (Ota et al. 2017,
Bouwens, Illingworth, Oesch, et al. 2015). This results in the cosmic star formation
history of the Universe peaking at cosmic noon (the classic “Madau plot”; Fig.8 of Madau
and Dickinson 2014).

Furthermore, significant bright-end LF excesses are found beyond the Schechter
function at z ∼ 2−3, which can be explained by contamination from AGNs (Konno et al.
2016, Sobral et al. 2018). At higher redshifts up to z ∼ 6− 7, such bright-end LF excess
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Figure 1.3: Galaxy LF across redshifts. The UV LF data points at
z ∼ 4 (blue solid circles), z ∼ 5 (green solid circles), z ∼ 6 (teal solid
circles), z ∼ 7 (black circles), and z ∼ 8 (red solid circles) represent the
average of all the galaxies in a given magnitude bin. The solid curves
plot the Schechter fits to these points (Bouwens, Illingworth, Oesch,
et al. 2015).

features are not clearly found, probably because the number densities of AGNs decrease
with increasing redshift (Ouchi, Ono, and Shibuya 2020).

So far, we have discussed general observable properties of galaxies and what
they mean in physical terms. In the next chapter, we will consider the curious case of
compact objects, and try to discern whether the origin of this compactness is rooted in
observation or reality.



Chapter 2

Compact Objects

The sources we study in this project have observed sizes of only a few kpc
across, which makes them compact objects relative to other normal and star-forming
galaxies at similar redshifts. This could be because they are truly compact, or because
our observations are only able to pick up the compact part of a larger structure.

In the former case, it would be interesting to understand the physical origin of
the compactness - how do they form and evolve, and how do they fit in to our under-
standing of galaxies and galaxy evolution over cosmic time?

In the latter case, it would be useful to know which part of our observations
is responsible for creating this false narrative. We can then update the design of our
detection (improving spectral and spatial resolution, increasing the depth and width
of our surveys, etc.) and analysis methods (e.g.: developing models that can fit the
morphology and photometric flux more accurately) so that the data can better reflect
reality.

Either way, it is important to critically and thoroughly examine our observations
and observation methods. Hence, in this chapter, we look into the literature on high-z
observations of compact objects, and investigate potential reasons for compactness.

2.1 Observational Origin for Compactness

Observations at high-z suffer from several limitations that may affect our inter-
pretation. We discuss a few relevant issues below, especially for high-z Lyα observations.

2.1.1 Dust and the Nature of Lyα

Lyα is a resonant line, which means that it can be absorbed and re-emitted
several times on its way out of a galaxy. A Lyα photon has exactly the energy required
for an electron to transition between ground state and first excited state of H atom. If

9
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such a photon is absorbed by a H atom, the atom is excited into the first energy state.
When the atom de-excites back to ground state, the absorbed photon is re-emitted, but
in a completely different direction than the one it came from initially. This is called
resonant scattering Larsen 2021.

Considering that most of the Universe is neutral H, Lyα photons rarely make it
very far before they encounter a H atom, which means that they have to “random walk”
out of a galaxy (in both physical and frequency space - Osterbrock 1962) being absorbed
and re-emitted over and over again, and in a different direction each time. It takes a
very long time and distance for photons to escape the galaxy in this way, and on their
way out, they form a giant glowing halo around the central source. All Lyα producing
galaxies exhibit diffuse Lyα halos at least to some extent in space (Steidel et al. 2011).

In addition, the presence of dust can drastically alter observations at high-z.
Especially in case of short wavelength observations as in UV continuum, we can lose a
large fraction of the emitted flux to dust attenuation. The effect is even more pronounced
in Lyα due to the increased path length from scattering.

Atek et al. 2008 find that in high HI column density environments, only 10%
of emitted Lyα photons escape. For a galaxy with dust spread out in a disk, photons
can escape more easily in the direction perpendicular to the disk than through it (Zheng
and Wallace 2014, Verhamme et al. 2012). Therefore, If we’re seeing the galaxy face on,
we might only see the emission and not the dust obstruction. This makes it difficult to
correct for the dust extinction. Moreover, in this work, we use the dust extinction (Av)
estimates from EAZY (Sec.3.3.1) to calculate our UV SFRs (Eq.1.4). These estimates
are only as reliable as the templates used to fit the object.

The combination of low escape fractions and high scattering could mean that
all Lyα observations are, by nature, necessarily incomplete.

However, studies do show that the escape fraction of Lyα photons (and/or the
ionizing photon production rate) from galaxies increases with increasing redshift from
z ∼ 0 to z ∼ 6 (Hayes, Schaerer, et al. 2011, Khaire et al. 2016). Additionally, many
find that LAEs seem to be consistently dust-poor compared to other UV-selected galaxy
populations (S. Santos et al. 2020).

2.1.2 Slitless Spectroscopy

Traditionally, Lyα observations were carried out using narrow band (NB) imag-
ing, where the observation is restricted in wavelength, or narrow slit spectroscopy, where
it is restricted in spatial extent. Slit spectroscopy has the advantage of masking out
most other bright sources in the observation field, but it requires some prior knowledge
of the location and orientation of the source on the sky. NB imaging does not require
knowledge of the exact spatial position; LAEs can be detected by their strong excess in
the NB filter compared to nearby continuum filters. It does, however, require knowledge
of the redshift of the source so that the filter can be placed at the appropriate wavelength
of the emission line. This prior knowledge adds potential bias to our sample.
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In addition, for objects that extend well beyond the size of the slit, or are highly
asymmetric, slits result in a substantial amount of the flux being missed. Similarly, for
objects where the exact redshift is not known beforehand, NB imaging may miss whole
or part of the emission line. Unless we already know, prior to observation, exactly what
the galaxy looks like, how extended it is, and the exact redshift it is at, it is very likely
that our slit or filter placement will be at least slightly off.

Consequently, detection rates of giant nebulae are less than 10% using NB imag-
ing at 2 < z < 3 (Cantalupo et al. 2014, Hennawi, Prochaska, et al. 2015, Arrigoni Battaia
et al. 2016), and no more than 50% for spectroscopic surveys, and the latter only works
for smaller nebulae (North et al. 2012, Hennawi and Prochaska 2013, Fathivavsari et al.
2015).

Slitless surveys (Courbot et al. 2016,Bacher et al. 2016) have been developed and
used to detect extended Lyα emission, although they do suffer from higher background
flux level (Maseda and MUSE GTO Consortium 2020). Borisova et al. 2016 observed
that the detection rate of Lyα halos near quasars at z ∼ 2 was 100% with IFUs.

For this project, we use a technique that overcomes both the limitations of slit-
spectroscopy and NB imaging, minimizing or even eliminating slit losses. Slitless grism
imaging by the ACS instrument on HST can generate NB images over a continuous range
of redshifts, i.e., a data cube of images of the galaxy across several filter bandpasses. This
ensures that we capture all the flux in both the spatial and spectral dimensions, so that
we can accurately study how compact or extended our sources really are.

2.1.3 Low SNR

Cosmological surface brightness dimming goes as (1 + z)−4. Thus, sources at
z ∼ 6 appear over 2000 times less bright than similar sources at z ∼ 0.

Even if low SNR is not the reason for the compactness observed in continuum
(ref. Table.3.1), it may explain why the Lyα morphology is compact and clumpy.

At low-z, we see that most LAEs have an extended Lyα halo extending well
beyond UV continuum emission (Hayes 2015, Leclercq et al. 2017 L. Wisotzki et al.
2018) due to scattering effects (see Sec.2.1.1). It has been suggested that this structure
could even feed into the cosmic web through filaments (Bacon et al. 2021). Despite their
size, it is very hard to observe these halos without very high SNR.

In our project, we do not necessarily detect any diffuse emission surrounding our
compact objects (Sec.4.1.1). It could be that there is a diffuse, extended Lyα component
around the objects that is simply invisible at our current depth and SNR even with IFUs
(Sec.2.1.2). We examine this possibility in Sec.5.3.
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2.1.4 IGM absorption

To first order, neutral H gas in the inter-galactic medium (IGM) at high-z erases
the blue half, and transmits the red half of the Lyα emission line, reducing the total
observed flux by a factor of 2. However, in reality, most of the Lyα is absorbed by
inter-galactic neutral H by z ∼ 6. Even post-reionization IGM at z ∼ 4 can severely
affect the transmission of Lyα flux owing to the infall of the neutral IGM onto galaxies
(M. R. Santos 2004). Therefore, much more than half of the flux is lost, with the IGM
transmitting only ∼ 10 to 30% of all Lyα photons as shown in Fig.2.1.

Figure 2.1: The effect of IGM absorption on the observed flux of the
Lyα emission from a z = 5.7 star-forming galaxy. The intrinsic shape
(dashed line) of the Lyα line is Gaussian. The solid represents the
observed shape after IGM processing. Here, only ∼ 12% of the Lyα is
transmitted to the observer (Dijkstra, Lidz, and Wyithe 2007).

Our Lyα images may accordingly only paint an incomplete picture of the true
nature of these objects, resulting in compact sizes that represent only the brightest parts
of the source that were able to overcome the IGM absorption.

2.1.5 Clumpy Star-formation

Clumpy structures are identified in various high-z galaxies including some LAEs
(Messa et al. 2019, Cornachione et al. 2018, Ritondale et al. 2019). Out of the galaxies
studied in their sample at z ∼ 2.5, Ravindranath et al. 2006 find that about 30% have
multiple cores. Guo et al. 2012 similarly find 40% of their galaxies at z ∼ 2 display
massive clumps of ∼ kpc sizes.

Hence, at higher z, just as in the case of diffuse halos (see Sec.2.1.3), our images
could represent just one clump of star formation within a much larger structure.

Furthermore, as shown in Fig.2.2, feedback from young clumps can suppress
further star formation elsewhere, ensuring that the rest of the galaxy remains invisible in
UV and Lyα.
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Figure 2.2: Cartoon depiction of a small, bright observable star-
forming region within a larger galaxy invisible to our current telescopes
(Bouwens, Illingworth, P. van Dokkum, et al. 2021).

2.1.6 AGN

Active Galactic Nucleii (AGN) appear as unresolved point sources (Mosleh et
al. 2011) because we are only observing the central bright supermassive black hole that
outshines the larger structure around it. This scenario is easy enough to test because
AGN/Quasar objects will usually have complementary detections in X ray surveys. As
we will see in Sec.5.1.3, this is indeed the case for 3 of our sources. In addition, we also
place a limit (0.1 kpc) on the lowest object size that we consider “resolved,” thus making
sure we steer clear of AGN.

2.2 Physical Origin for Compactness

There are many classes of objects such as clusters and associations of stars
that are intrinsically small. It may be that our compact LAEs fall within one of these
categories, i.e., they appear small because they are physically small.

2.2.1 High-z Galaxies

Studies show that galaxies at high-z were more irregular than local galaxies.
This was first noted in early HST observations probing rest UV (e.g. Griffiths et al. 1994,
van den Bergh, R. G. Abraham, Ellis, et al. 1996, Driver et al. 1998), and radio data
(Windhorst et al. 1995). By the 2010s, the idea was well established (Conselice 2014,
Huertas-Company et al. 2016). For example, Mortlock et al. 2013 visually classify and
study the morphology of 1188 galaxies with M∗ ≥ 1010M� and z ∼ 1 to 3 in UDS field.
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Approximately 40% of the galaxies are classified as disturbed galaxies at z ∼ 2.5 to 3
compared to only 10% at z ∼ 1.

Although there is some evidence that the irregular appearance of high-z galaxies
is due to observational limitations, especially at the very highest redshifts beyond z ∼ 6
(Jiang, Egami, et al. 2013), the general consensus is that it is indeed an intrinsic feature
of early galaxies. That is to say that galaxies were truly more irregular because they were
still in the process of formation (Cowie, Hu, and Songaila 1995).

Even early studies (e.g.: R. Abraham et al. 1996, van den Bergh 2002) realized
that the conventional Hubble system no longer provides an adequate description of the
morphological characteristics of a high fraction of galaxies at low magnitudes and high
redshifts. The faintness and small angular size means that more subtle features, such as
spiral arms, rapidly disappear with increasing redshift, leaving only the brightest galaxy
components detectable (Barden, Jahnke, and B. Häußler 2008).

In addition, high-z galaxies display higher star formation rates compared to local
analogs (Rodighiero, Cimatti, et al. 2010, Mortlock et al. 2013). Galaxies in general were
much more extreme and vigorous than their mellow present-day counterparts.

Given this, it may be unsurprising to find bright compact objects at high-z;
perhaps they are simply very young galaxies or galaxy fragments that have not fully
formed yet.

2.2.2 LAEs

It has been known since early HST observations such as Pascarelle et al. 1996
that LAEs display compact continuum morphologies. Deep HST extra-galactic legacy
data have indicated that LAEs have half light radii of r ∼ 1kpc on average in rest-frame
UV and optical stellar continuum (Malhotra, J. E. Rhoads, et al. 2012, Paulino-Afonso
et al. 2018, Shibuya et al. 2019). It was observed that although sub-structures appear in
some cases, the main stellar components of LAEs have “disky” radial surface brightness
profiles with a Sérsic index of n ∼ 1 (Gronwall et al. 2011, Taniguchi et al. 2009) similar
to LBGs.

To explain the approximately constant typical sizes of LAEs over a wide span
of redshifts, Malhotra, J. E. Rhoads, et al. 2012 suggested that the compact size is a
required physical condition for a galaxy to become an LAE rather than a mere coincidence.
Some other studies (Jiang, Egami, et al. 2013; Paulino-Afonso et al. 2018) and analytic
calculations on morphologically compact conditions for Lyman continuum leakers such
as Cen 2020 complement this picture.

However, Shibuya et al. 2019 argued that LAEs in a given range of UV luminosi-
ties do in fact show size evolution with redshift as (1 + z)−1.37, similar to the evolution of
LBGs. Between z = 6 and 2, the size evolves by a factor of 3. It has also been suggested
that size evolution differs between brighter and fainter galaxies (e.g., Bouwens, Illing-
worth, Oesch, et al. 2015, Finkelstein et al. 2015)). Shibuya et al. 2019 suggest that the
no evolution results may be erroneously obtained due to the large range of luminosities
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of the samples studied. Faint continuum LAEs with smaller sizes damp the evolution
observed (Leclercq et al. 2017).

Perhaps this means that bright LAEs at high-z are intrinsically small and com-
pact by nature.

2.2.3 Super Star clusters

Globular Clusters (GCs) in the local Universe often constitute of very old stellar
populations that presumably formed in one or two large, nearly instantaneous bursts
around the redshifts we’re looking at. Kikuchihara et al. 2020 claim that low-mass galaxies
(M∗ ∼ 106 − 107M�) at z ∼ 6− 9 can evolve to have stellar masses comparable to those
of GCs in the Milky Way by z ∼ 0.

Several studies have observed gravitationally lensed super star clusters and po-
tential proto-GCs at high-z with sizes 100 pc and under (Vanzella, Calura, Meneghetti,
Castellano, et al. 2019, Vanzella, Castellano, et al. 2017, Vanzella, Calura, Meneghetti,
Mercurio, et al. 2017). Some of these objects are as small as 9 pc across, but the largest
of the star cluster complexes can be up to 1 kpc across (Bouwens, Illingworth, P. van
Dokkum, et al. 2021). Their derived stellar masses are M∗ ∼ 106 − 107M�.

Although without the magnification from lensing, it is not possible to spatially
resolve sources with effective radii lower than ∼ 100 pc at z > 3, a few of the compact
sources studied in this work may still be candidates for star cluster complexes, super star
clusters, or even proto-GCs, especially if they undergo some form of mass loss (through
tidal stripping, gas expulsion following supernova events, etc.) as they evolve over cosmic
time to z ∼ 0 (Conroy 2012,Bastian and Lardo 2015).

If we really are looking at proto-GCs at high-z, we expect them to be very
compact indeed.

In the following chapters, we apply several common analysis methods to our
data to understand the nature of these objects in more detail, and answer some of the
questions raised here. For instance, comparing the morphological properties of LAEs with
those of LBGs when both populations are detected using the same observational methods
can help us see if LAE morphology is intrinsically different from LBGs. The same applies
for other astro-physical properties such as stellar mass and SFR. As another example,
comparing the Lyα line morphology of a high-z LAE with its continuum morphology can
tell us how the gas and stars are distributed in the LAE. We can then compare this in
turn with a local LAE analog, and thereby deduce if and how the local LAE evolved from
the high-z one. These are indeed the tests we apply in the next few chapters.

We use the Planck 2015 cosmological model (Planck Collaboration et al. 2016)
with H0 = 67.8km s−1 Mpc−1, a matter density parameter Ωm = 0.308 for all our distance
calculations.
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Chapter 3

Methods

In this chapter, we present an overview of the data used in this project, and the
methods applied to analyze the morphology and flux of each source, with specific focus
on the properties of the sub-sample LAEs with Lyα detection.

Firstly, we perform Lyα line and continuum morphology fitting with GALFIT on
IFU thumbnail cutouts from 3D HST data to compare visual morphological characteristics
(radius, Sérsic index) of line vs continuum and sub-sample vs parent sample.

Next, we plot Spectral Energy Distributions with EAZY (G. B. Brammer, P. G.
van Dokkum, and Coppi 2008) using archival multi-wavelength photometric fluxes from
Skelton et al. 2014 to derive astro-physical properties (stellar mass, UV SFR), and once
again, compare sub-sample and parent sample.

The goal is to probe the sites of star-formation, AGN, stars, and gas separately,
so as to identify properties that are unique to LAEs or those that can help us distinguish
the sub-sample of LAEs from the parent sample of LBGs.

3.1 Data

For the morphological analysis, we use ACS/G800L grism spectra from HST that
were taken as part of the 3D HST program in the optical-NIR wavelengths (< 1µm). We
also use the Skelton catalogs (Skelton et al. 2014), which contain photometric flux data
in filters across the electromagnetic spectrum (0.5 to 8 µm), to plot the SEDs.

3.1.1 Fields and Filters

The sources used in this work are from 4 of the 5 Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS) fields (Fig.3.1): the Great Ob-
servatories Origins Deep Survey-South and North (GOODS-S and GOODS-N) fields, the
All-Wavelength Extended Groth Strip International Survey (AEGIS or EGS, a deeper
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sub-field), and the UltraDeep Survey (UDS), the Cosmic Evolution Survey (COSMOS).
These are among the most well studied patches of the sky in the history of Astronomy.
Taken together, these 5 fields occupy ∼ 600 square arcminutes on the sky, where some of
the deepest observations of the Universe were generated.

Figure 3.1: The footprints of all 5 CANDELS fields on the sky (Skelton
et al. 2014)

In this work, the field names are shortened to a single letter that precedes the
unique 5 digit ID of each source: s for GOODS-S, n for GOODS-N, e for EGS, and u for
UDS. For instance, s 43831 is a source in the GOODS-S field with the unique HST id
number 43831.

Two different HST filters are used to observe the sources: F850LP for GOODS-S
and GOODS-N, and F814W for EGS and UDS (see Fig.3.2).

3.1.2 HST Grism Data

The continuum and Lyα line maps used in this project were all obtained using
HST’s G800L slitless grism on the Advanced Camera for Surveys (ACS) on HST. The
use of slitless grism spectroscopy removes the need for potentially biasing photometric
preselection or slit masks (Sec.2.1.2). ACS/G800L produces maps of every source at
every wavelength with a spectral resolution of R ∼ 100, covering the wavelength range
0.5 < λ < 1µm. We utilize the data from several surveys conducted with ACS/G800L:
3D-HST, an optical-NIR spectroscopic survey covering all 5 CANDELS survey fields,
along with additional very deep data from the GRAPES (N. Pirzkal et al. 2004) and
PEARS (Straughn, Meurer, et al. 2008,Straughn, Norbert Pirzkal, et al. 2009) surveys
in the GOODS fields (see Sec.3.1.1 for specifics of the fields). The spectra thus obtained
were reduced and analyzed following the procedures described by Abramson et al. 2020.
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Figure 3.2: HST filters at different wavelengths, showing the transmis-
sion as a function of wavelength from UV to NIR (Jouvel et al. 2014).
Note in particular the filters used in this work: F850LP and F814W for
grism data, and F125W, F140W, and F160W for Skelton catalog data.

Fig.3.3 shows the 1D and 2D grism spectra extracted at the RA and Dec co-
ordinates of one of our sub-sample sources: n 16335 (criteria for sub-sample selection
detailed in Sec.3.1.5).

Emission lines were extracted from the spectra using the Grism Redshift and
Line Analysis tool (GRIZLI; G. Brammer 2019). Lyα line maps were produced by com-
bining pointings of varying depths and position angles from all the above mentioned
surveys to create very deep exposures (total exposure time as high as ∼ 58,000s for some
targets).

3.1.3 Skelton Catalog

The Skelton catalog consists of photometric fluxes across wavelengths from 0.5
to 8 µm for sources in the 5 CANDELS fields (Skelton et al. 2014). It spans the entire
area covered by the HST F125W, F140W, and F160W filters, and includes data from
an array of ground and space based telescopes including HST, Spitzer, Subaru, CFHT
(Canada France Hawaii Telescope), VLT (Very Large Telescope), and many more.

3.1.4 Parent Sample Selection

We first identified literature discussing large surveys of potential LAEs in the
5 CANDELS fields. Next, we combined (simple end-to-end stacking) the corresponding
publicly available catalogs, including VANDELS (VIMOS (Visible Multi-Object Spec-
trograph) survey (McLure et al. 2018) of the CANDELS fields), several MUSE (Multi
Unit Spectroscopic Explorer) survey catalogs (Herenz, Urrutia, et al. 2017), 3D-HST,
and others. Note that some of these catalogs such as VANDELS and MUSE contain
spectroscopic redshifts, whereas others only include photometric redshifts.

Then, we made a selection on this combined dataset to only include objects
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(a) 2D spectrum extracted using the G800L grism in different filter
bandpasses

(b) In the right panel is shown the 1D grism spectrum showing the Lyα emission line in
units of erg/s/cm2. The blue dots with errorbars are the flux data points and the red line
is the best fit curve for the emission line. In the left panel is the posterior distribution for
redshift associated with this extraction.

Figure 3.3: An example grism spectrum for n 16335. Top panel shows
the 2D spectrum. At the bottom is the 1D spetrum along with posterior
distribution for redshift.

that could potentially have Lyα detection in the wavelength range covered by the G800L
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grism. This corresponds to 0.55 < λ < 1µm, which translates to ∼ 3 < z < 7. We further
excluded sources that do not have reliable redshifts based on the redshift flags specified
in the original catalogs. Additionally, we extracted grism spectra at the RA and Dec
co-ordinates specified in the above catalogs, and rejected sources that had problematic
grism exposures. We also had to exclude results in the COSMOS field due to data access
issues. Finally, after all these cuts and exclusions, we ended up with a sample containing
1060 sources.

3.1.5 Lyα Detection

The SNR was calculated for Lyα images of all 1060 sources using the sum circle

function of sep, a source extraction library for Python (Barbary et al. 2016). The sigma
image (discussed in Sec.3.2.3) was passed as the uncertainty. The calculation area was
limited to a 6 pixel radius around the center of the thumbnail image, (corresponding to
coordinates (60,60) in a thumbnail with dimensions 120x120 pixels), so that edge effects
could be minimized.

Source RA Dec z Continuum SNR Lyα SNR

s 17357 53.1744 -27.8674 3.62 344.16 27.90
s 21181 53.12439 -27.85169 3.68 51.42 13.06
s 18207 53.27 -27.86128 4.87 67.06 9.92
s 12390 53.07886 -27.88416 5.55 59.74 9.04
n 16335 189.09677 62.20985 4.26 33.85 8.78
n 39376 189.07953 62.31533 5.43 26.60 8.20
n 29365 189.39185 62.26475 6.46 175.60 7.46
s 44106 53.16947 -27.76565 4.67 20.82 7.24
e 06005 215.06541 52.89857 5.63 69.37 5.86
n 16708 189.44406 62.21157 4.99 29.51 5.66
s 26144 53.22516 -27.83362 4.41 109.76 5.64
s 36953 53.1438 -27.79094 4.80 14.23 5.58
e 18484 214.84113 52.78406 4.30 93.54 5.55
n 31351 189.20738 62.27347 6.11 36.99 5.55
s 43831 53.16741 -27.76688 4.06 26.58 4.83
s 17197 53.22086 -27.86499 4.56 110.25 3.32
s 33531 53.16265 -27.80368 4.51 15.83 2.73

Table 3.1: List of sub-sample sources along with their RA, Dec, redshift,
and SNR for the Continuum and Lyα images (sorted by Lyα SNR).

Generally, Lyα is considered “detected” for images with SNR > 3. However,
in our sample, several images with hot pixels and telescope artefacts complicated identi-
fication by SNR alone. This is exemplified by s 51796 shown in Fig.3.4b. The SNR for
this image within a 6 pixel radius around the center (60,60) came out to be 9.63. But
it clearly is an observational artefact, and not an actual detection. The truly high SNR
source s 18207 with SNR = 9.92 is also shown for comparison.

In total, 24 sources were identified as SNR ≥ 5, but only 14 of these were true
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(a) True high SNR detection (b) Spurious high SNR detection

Figure 3.4: Thumbnail images from our data showing the Lyα line
maps. On the left is shown a source with truly high SNR (9.92) for
s 18207, and on the right, a spurious high SNR (9.63) detection for
s 51796.

detections (as we will see below). For SNR ≥ 3, 95 more sources were identified of which
only 2 those were true detections. Hence, when going by by SNR alone, the accuracy of
detection is 58.3% at SNR ≥ 5 and only 13.4% at SNR ≥ 3.

It was, therefore, necessary to go through the images manually to detect faint
sources “by-eye” and to reject spurious detections. Instead of doing this for the entire
sample, we opted to perform manual selection only for the sources that either had a high
Lyα SNR as calculated above or a more reliable redshift measurement as quantified by
the bic diff parameter in the HST grism catalog (Abramson et al. 2020).

The 17 sources were thus identified as Lyα detected using a combination of SNR
measurement and by-eye selection: 10 from GOODS-S, 5 from GOODS-N, and 2 from
EGS. Table 3.1 lists the SNR for each of the 17 sub-sample sources for both continuum
and Lyα images along with their RA and Dec co-ordinates from HST data, and the
redshift (from grism spectroscopy where available; otherwise photometric redshift from
literature is provided).

Sample GOODS-S GOODS-N EGS UDS Total

Full Skelton 50507 38279 41200 44102 174088
GALFIT parent 619 192 73 176 1060
EAZY parent 550 192 73 176 991

Sub-sample (GALFIT and EAZY) 10 5 2 0 17

Table 3.2: A breakdown of the number of sources in each field for the
samples used in this work.

Table 3.2 shows a breakdown of the samples used in this work into their con-
stituent CANDELS fields. The GALFIT parent sample is the main sample of 1060 sources
obtained as discussed in Sec.3.1.4. The GALFIT sub-sample consists of a subset of the
parent where Lyα was detected as described in Sec.3.1.5. Photometric fluxes from the
Full Skelton catalog were used to make the SED fits in Sec.4.2.1, and hence, we could only
fit SEDs for the part of our sample that had data in these catalogs; we had to exclude 69
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GOODS-S sources from our main 1060 sample that were absent in the Skelton catalog.
Therefore, the EAZY parent sample is 69 GOODS-S sources short of the GALFIT parent
sample. The EAZY sub-sample is the same as the GALFIT sub-sample.

The redshift distribution of the full sample is shown in Fig.3.5.

Figure 3.5: Distribution of the full sample redshifts. The majority of
the sample - 564 sources - is at z ∼ 4 (blue), followed by 337 at z ∼ 5
(green), and 87 at z ∼ 6 (orange). Only 3 sources are at z ∼ 1 (cream).
Sub-sample is shown in magenta.

3.2 Sérsic Model Fitting with GALFIT

We used GALFIT (Peng et al. 2010) to fit the Lyα line and continuum mor-
phology for the sub-sample, and only continuum morphology for the rest of the parent
sample with no line detection.

3.2.1 GALFIT Description

GALFIT (Peng et al. 2010) is a two-dimensional morphology fitting algorithm
based on χ2 minimization designed to extract structural components from galaxy images.
It can simultaneously fit a galaxy with an arbitrary number of components, and has many
built-in analytical models which can be used to fit each of these components.
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3.2.2 Fitting Procedure

We initially began by individually fitting each galaxy with 1, 2, and more than
2 components. We tried varying combinations of the available model profiles such as
Sérsic, PSF, Gaussian, King, Nuker, and Fermat.

We found that multiple-component fits usually did not produce significantly
cleaner residuals or better reduced χ2. Rather, we found that the Sérsic profile did the
best job of capturing the characteristic size of a given source, both for continuum and
line images, and letting GALFIT find the Sérsic index yielded better results than if we
set it at a fixed value beforehand.

With this optimal model in hand, we employed a Python wrapper script to
batch-fit all the galaxies in our sample with a single Sérsic (with variable Sérsic index)
to obtain characteristic measurements of morphology.

However, there were some exceptions where multiple components were necessary,
e.g.: s 17197 for which the continuum image fit best with 5 Sérsic components. The fits
for each source are shown individually in Appendix A.

3.2.3 GALFIT Input

The GALFIT input file with the file extension “.feedme” initializes the fit. It
contains initial guesses for the basic parameters: fit type, x and y coordinates, Sérsic
index, half-light radius, axis ratio, and position angle among others.

It also initializes the number of components to be used for the fit. We use 2
components: one for the actual galaxy, and the other to set the background flux level,
given as the “sky” component (Sec.3.2.3).

The filenames for the science, sigma, PSF, and mask images are also specified
in the input file.

Images

Line images: The Lyα extension from the GRISM data was saved as a separate
fits file to be given to GALFIT.

Continuum images: UV continuum cutouts were created from 3D HST grism
data. These were also saved as separate fits files to be given to GALFIT.

PSF

PSF images were created from standard models for the appropriate HST filter
projected onto each thumbnail position (Anderson and King 2000). The same PSF was
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(a) Continuum science image (b) Continuum sigma image

(c) Lyα science image (d) Lyα sigma image

(e) PSF image (f) Circular mask for GAL-
FIT

Figure 3.6: The images given as input to GALFIT to fit n 16335. Sub-
figures a and c show the continuum and Lyα images, b and d the
corresponding sigma images obtained as discussed in Sec.3.2.3, e shows
the PSF image discussed in Sec.3.2.3, and f shows the circular mask
within which GALFIT performs the fitting as explained in Sec.3.2.3.
All flux units are in 10−17 erg/s/cm2.

used for both line and continuum fitting.

Sigma image

Sigma Image was created by inverting the “WHT” weight extension associated
with each science image in the grism data such that

Sigma =
1√

WHT
. (3.1)
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Mask

We created custom circular masks for both line and continuum images so that
GALFIT only considers pixels if they have non-zero weight (i.e., finite sigma) and they
are within a 20 pixel radius of the image center (60,60).

Fig.3.6 shows an example of the images given to GALFIT as input to perform
continuum and Lyα line fitting for n 16335.

Aperture Magnitude

Aperture magnitude was calculated as

mag = −2.5 log(flux) + zeropoint (3.2)

where we determined the flux by summing over non-negative image pixels within a 6 pixel
circular radius around image center (60,60), and the zeropoints are given in Table 3.3.

Field Continuum Filter AB Magnitude Zeropoint

GOODS-S F850LP 24.84
GOODS-N F850LP 24.84

EGS F814W 25.94
UDS F814W 25.94

Table 3.3: The zeropoints used for each filter and field to calculate
aperture magnitude given as input to GALFIT (Zeropoint values taken
from Koekemoer et al. 2011)

Sky Background Estimation

skyback is the GALFIT parameter for sky background flux. GALFIT can es-
timate the sky on its own from a given image, but that would introduce another free
parameter. Especially for models with large Sérsic indices, there is degeneracy between
sky background flux and flux from the source because of their extended wings (see Fig.1.1
and Häussler et al. 2007). Therefore, we chose to calculate the sky background separately
and supplied it to GALFIT in the input file.

skyback was calculated as the median of the flux within an annulus with 6
and 15 pixel inner and outer radii respectively around the image center (60,60). The
inner radius masks out the central pixels where the source is, and the outer radius masks
out edge pixels in the image to create an annulus of pixels around the source where the
sky background can be calculated. Within this annulus, we calculate the sigma clipped
median (median value of the pixels within 3 sigma on either side of their mean value for
the pixels within the annulus. The sigma clipping ensures that extreme outlier pixels (eg:
cosmic ray hits, detector defects) are disregarded during median calculation.
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Constraint file

In order to prevent GALFIT from searching through un-physical parameter
space, we specify a set of constraints as detailed in Table 3.4. We included constraints
for the x and y coordinates of the source, magnitude, axis ratio (semi-minor axis over
the semi-major axis), and Sérsic index to ensure that the least squares fit converges onto
the properties of the source in the center, without getting stuck in a local minimum.
However, the downside to this practice is that if during fitting, GALFIT hits one of
these constraints, it sometimes cannot “bounce back” into the allowed parameter space.
Instead it fixes the current parameter at the limiting constraint value, and determines all
other parameters based on this fixed limit, thus making the final fit problematic. These
problematic fits can be seen in our output parameter plots with artificial “walls” where
GALFIT hits the given constraints. Nevertheless, it was necessary to use constraints
especially during batch-fitting where it is not possible to monitor each fit closely.

Parameter Constraint Comment

axis ratio (q) 0.5 to 1.0 absolute
half-light radius (re) 0.1 to 10 absolute

Sérsic index (n) 0.5 to 8 absolute
x position (x) -4 4 relative
y position (y) -4 4 relative

magnitude (mag) -3 3 relative

Table 3.4: Parameters and their constraints given to GALFIT via the
constraint file

The first column shows the parameter, the second gives the limits between which
the parameter is allowed to vary while fitting, and the last column describes whether the
limits are absolute, ie, “hard” constraints or relative to the value at which the fit was
initialized in the input file (.feedme file).

For example, if the x position was initialized at the 60th pixel, the x coordinate
of the final output fit is only allowed to be within the 56th and 64th pixels. On the other
hand, the axis ratio of the final fit is only allowed to be within 0.5 and 1.0 regardless of
what value it was initialized at.

The same constraints were given for other components if any.

3.3 SED fitting with EAZY

We fit SED templates to the photometric flux data using EAZY. We use the
fit at zbest routine with best z being the HST grism redshift where available, and
photometric redshift from literature otherwise.
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3.3.1 EAZY Description

EAZY (G. B. Brammer, P. G. van Dokkum, and Coppi 2008) is a public software
program that fits a set of galaxy SED templates to the observed photometry, providing
photometric redshifts as well as other physical properties such as stellar mass, SFR,
and Av based on those templates. It is designed to produce high-quality redshifts for
situations where complete spectroscopic calibration samples are not available.

The EAZY algorithm moves across a grid of redshifts or a single redshift de-
fined by the user. At each redshift, it fits the best synthetic template spectrum obtained
through linear combinations of a set of 12 built-in SED templates, which are popula-
tion synthesis models. For each source in the catalog, it finds the best possible linear
combination of these templates using χ2 minimisation.

3.3.2 EAZY Input

The input to EAZY includes a catalog containing the flux of each source in
filters ranging from UV to FIR, a translate file describing which flux column in the
catalog corresponds to which filter, and a set of 12 galaxy templates. We also provide a
list of parameters specifying the galactic extinction (0.0103), zeropoint (25), redshift and
magnitude priors, etc.

We perform the photometric SED fitting at fixed z because we already have (in
most cases) the more accurate spectroscopic redshifts in the catalog, and therefore do not
require EAZY to find the best-fit redshifts. Instead, we use template fitting to obtain
other properties of the galaxies such as the stellar mass and SFR.
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Results

In this chapter, we discuss the results obtained from our analysis with GALFIT
and EAZY, and compare our findings with those from literature.

4.1 Results from GALFIT

4.1.1 GALFIT Output

The output from GALFIT is a .fits file with 4 extensions. The first extension
is blank, the second is the input science image, the third is the model that was used to
fit the science image, and the fourth is the residual leftover from subtracting the model
from the science image. Due to the circular mask (Sec.3.2.3) and position constraints
(Sec.3.2.3) given to GALFIT, it only fits the central bright source and ignores all the
other sources in the rest of the image.

The fits and residuals for the continuum and Lyα for n 16335 are shown in Fig.
4.1 as an example. The fourth panel in both Fig.4.1a and Fig.4.1b shows the residual
divided by the sigma image, so as to display it in terms of the number of standard
deviations away from noise. A value of 1 on this image corresponds to 1 sigma confidence,
2 corresponds to 2 sigma confidence, and so on. The rest of the fits are attached in
Appendix A.

The best-fit parameters obtained for this fit are given in Table 4.1. GALFIT
also returns a value for the goodness of fit, χ2. The reduced χ2 for this fit was 0.7699517
for continuum and 0.9983547 for Lyα.

The characteristic continuum size is 0.9 pixels, which at the redshift of this
source (z ∼ 4.26) translates to 1.68 kpc, which is small but not unresolved. Moreover,
this source wasn’t found in any X ray catalogs (Sec. 5.1.3), which means that it is
probably not an (luminous) AGN or Quasar. Hence, it is likely a compact LAE (see
Sec.2.2.2).

29
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(a) Continuum fit

(b) Lyα fit

Figure 4.1: Images showing an example of GALFIT fit to n 16335. The
first three panels show the .fits extensions from the GALFIT output
imageblock: the input image of the source, the GALFIT model used
to fit the input image, and the residual obtained by subtracting the
model from the input image (Sec.4.1.1). The rightmost panel shows
the residual divided by the sigma image.

Parameter Continuum Fit Lyα Fit
value error value error

x position (pixels) 61.1504 0.0342 61.2486 0.2842
y position (pixels) 61.2400 0.0312 60.9727 0.3871

Magnitude 20.5545 0.0168 15.7770 0.1169
Radius (pixels) 0.9252 0.0514 4.0243 0.7690

Sérsic index 0.5000 0.3163 0.7221 0.4079
Axis ratio 0.6466 0.0715 0.5000 0.1082

Position angle (degrees) -85.9800 8.7484 -36.6295 11.2221

Table 4.1: GALFIT output fit paramaters for n 16335

The Lyα radius, however, comes out to be over 4 pixels because the image looks
wispy and spread out instead of having a definite, contained structure like the continuum
image. Thus, GALFIT tries to fit the extended clumpy emission using a large radius.
Although the residual looks clean, and the reduced χ2 is close to 1, the fit is questionable.
We need deeper data to accurately measure the Lyα morphology.

4.1.2 1D Surface Brightness Profiles

We estimated the 1D surface brightness profile for the continuum images using
the isophote Python package. The resulting profiles for image, model, PSF, and residual
for n 16335 are shown in Fig.4.2 as a function of a1/4, where a is the semi-major axis
in pixels. We see that the model follows the image brightness closely until a1/4 ∼ 1.5,
which is around a 5 pixel radius, encompassing most of the light from the object. On
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the other hand, the PSF is separate from both image and model. This tells us that the
Sérsic model captures the central surface brightness better than a simple PSF. In other
words, the object we’re fitting is an extended Sérsic rather than a point source.

The profiles for the rest of the sources are attached in the Appendix A.

Figure 4.2: 1D surface brightness profiles for n 16335’s image (dashed
black line), model (dotted blue line), and PSF (dotted green line) are
shown in the upper panel, with residual curve (dashed red line) plotted
in the lower panel.

4.1.3 Line vs Continuum Morphology

The derived radius for the continuum images is plotted against that from the
Lyα line images in Fig.4.3 with the continuum image morphology used as data marker
for each of the 17 sub-sample sources. The same plot of continuum vs Lyα radii is
shown again in Fig.4.4, but this time, the data markers are represented with the Lyα
morphology. The solid line indicates an identity line where the continuum and Lyα radii
would be equal.

We see that for some sources, however, especially s 44106, Lyα radius is larger
than continuum, which is unresolved. It might be that here we are picking up some of
the diffuse, scattered light from the extended halo (see Sec.2.1.1).

Most other sources generally follow the one-to-one line. This is reasonable since
both UV continuum and Lyα trace the young stars and star forming regions in a galaxy.
However, it highlights the fact that we presumably do not have the depth required to
observe the extended Lyα emission.

It is also clear that the continuum morphologies are much more distinct and
contained, while many of the Lyα morphologies look amorphous. We likely require deeper
data to create better line maps.



32 CHAPTER 4. RESULTS

Figure 4.3: Derived galfit radii for continuum and Lyα line images with
the data markers showing the continuum morphology. The purple line
describes equal line and continuum radii. The cream colored shaded
region indicates radii that are below our resolution limit of 0.1 kpc.

4.1.4 Spatial Offset between Line and Continuum

Lyα originates from the gas around O and B stars, while the UV continuum is
emitted directly by the stars themselves, which means they should not be spatially offset
from each other. However, Lyα scatters well beyond its location of origin (see Sec.2.1.1),
which means it can indeed be offset from the continuum especially for galaxies with
asymmetric gas reservoirs. Though in our case, we are unable to detect the scattered,
diffuse light, so we do not expect to see an offset after all; the expectation value for the
offset is about 1 pixel, which is ∼ 1kpc. This is indeed what we observe in Fig.4.5, where
we plot the offset between the Lyα and continuum source positions on the image as a
function of the continuum radius.

Note that one pixel on our grism thumbnail images corresponds to 0.05 arcsec-
onds, which at z ∼ 5 would be ∼ 300pc. Owing to the PSF convolution, GALFIT can
estimate radii well below 1 pixel, but following a conservative approach, we choose not
to trust derived radii ≤ 0.1kpc. This is shown using the shaded area in all three plots
Fig.4.3, Fig.4.4, and Fig.4.5.
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Figure 4.4: Same as Fig.4.3 but with the data points showing the Lyα
morphology.

4.1.5 Comparison of GALFIT parent and sub-sample

Fig.4.6 is a pairplot of all GALFIT parameters, showing how they vary with each
other in pairs. Also shown are the kernel density estimations (KDE) for each parameter
indicating where on each plot most of the sample lies. It can be seen that the plots form
“walls” where GALFIT hits the constraints provided (Sec.3.2.3). This is also reflected in
the bimodality of the KDE plots. The Sérsic index, for instance, is boxed in between 0.1
and 8, and its KDE plot shows a larger number of objects at these two values.

The position angle has the most scatter, which is to be expected; there is no
reason why galaxies would preferentially lie in one orientation over another on the sky.
The axis ratio for the sub-sample is generally closer to 0.5 than 1, implying that these
sources are more elongated than the parent population. Derived magnitudes are similar
for sub and parent samples.

The most interesting result from this plot is for the radius. The sub-sample
conspicuously fits with a smaller radius compared to the parent sample. This is in
line with the observations of LAEs as discussed in Sec.2.2.2, especially the findings of
Malhotra, J. E. Rhoads, et al. 2012. The converse does not hold true, i.e., there are
several LBGs with compact continuum morphologies in our parent sample that do not
exhibit Lyα emission.

Next, we investigate the redshift evolution of continuum size for sub and parent
samples in Fig.4.7. Once again, we see that the average radius of continuum for the
sub-sample is, in general, more compact than that of parent sample.
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Figure 4.5: The Lyα line-continuum offsets as a function of the contin-
uum radii. Again, the cream colored shaded region indicates radii that
are below our resolution limit. The dark blue line shows the expectation
value consistent with no offset, given the PSF size.

s 17197, the lone sub-samlpe data point at radius 10, is a noticeably extended
source with an optimal fit involving 5 Sérsic components (Fig.A.4 in Appendix A). This
is an exception to the generally small LAE continuum sizes. For this source, continuum
radius is larger than the rest of the sub-sample, and also larger than its own Lyα radius.
This is in contrast to the expectation of extended Lyα halos (with larger sizes than
continuum) that were found in literature (Sec.2.1.3).

In Fig.4.8, we separate our sample by EAZY absolute magnitude (ref. Sec.4.2.1)
into bright and faint bins in accordance with the analysis from Shibuya et al. 2019. We
observe no clear evolution of the size with redshift in the bright bin, but see a slight
decline in the faint bin. This is the opposite of findings from literature (Sec.2.2.2).
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Figure 4.6: A pairplot of all parameters derived by GALFIT, along
with the KDE plots for each along the diagonal. Magenta represents
the sub-sample with Lyα detection, while grey is for the parent sample
without detection.
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Figure 4.7: Derived galfit radii for continuum images as a function
of redshift. It can be seen that the continuum radii for the sub-sample
(magenta circles) are generally smaller than those for the parent sample
(grey dots).

(a) Radius-redshift plot for bright bin (b) Radius-redshift plot for faint bin

Figure 4.8: Same as Fig.4.7 but split into bright (< −21) and faint
(> −21) bins by EAZY absolute magnitude. We find a slight decline
in size with z in the faint bin.
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4.2 Results from EAZY

4.2.1 EAZY Output

The output from EAZY is a table containing the best-fit properties such as the
stellar mass, SFR, Av, and absolute magnitude for each source in the input catalog.

It also outputs the fitted SED model as shown in Fig.4.9 for n 16335. Here,
we see the peak of the Lyα emission at ∼ 0.7µm. We also see that the fit follows the
data points closely, and there isn’t a large spread that usually arises from fitting dusty
templates to data points with large uncertainties (Fig.A.21 in Appendix A). The best-
fit stellar mass and SFR are 2.07 × 109M� and 6.86 M�yr

−1 respectively. Comparing
with the Milky Way, n 16335 is only a hundredth of the mass, but is converting gas to
stars 9 times as quickly. This is consistent with what we expect for high-z galaxies (see
Sec.2.2.1), especially for star-forming LAEs. In addition to the SED fit, EAZY returns
the posterior probability of the redshift obtained from the fit. In the fixed redshift case,
the latter plot is only a single vertical line at the given redshift, with a probability of
1. Note, however, that this does not mean the redshift is known with absolute certainty,
because there is still the posterior redshift probability distribution associated with the
grism photometry (see Fig.3.3).

4.2.2 Comparison of EAZY parent and sub-sample

Fig.4.10 shows the redshift evolution of the SFR and stellar mass. The UV SFR
was estimated from the median absolute magnitudes. The Av dust extinction listed in
the EAZY output catalog was used in place of AUV in Eq.1.4. A better estimate for AUV
could be obtained by estimating the UV β slope of the SEDs in future work.

Sub-sample stellar mass seems to be comparable to parent sample at z ∼ 4,
but is higher at higher redshifts. A similar trend is seen in the SFR plot but only for
z ∼ 6. These results are similar to the slight increase in SFR and stellar mass found by
Barlow-Hall et al. 2019 for LAEs between z ∼ 2 to 6, but not as drastic as those from
Nilsson et al. 2009 who find rapid evolution between LAEs at z > 3 vs those at z ∼ 2.

Among the parent sample sources, we see that there is no evolution of stellar
mass with increasing redshift, but a slight rise in SFR with redshift.

SFR vs Stellar Mass

Fig.4.11 shows the UV SFR vs stellar mass plot for the EAZY parent sample
and sub-sample at z ∼ 4, 5, and 6.

We see that the sub-sample has generally higher SFR and stellar mass than
parent sample. This could be because presence of Lyα is a signature of star formation,
which in turn could reflect the fact that we only observe Lyα from the sub-sample and
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Figure 4.9: An example SED fit for n 16335 from EAZY on the left
panel with observed flux (in erg/s/cm2) as a function of observed wave-
length (in µm). The black squares are the photometric fluxes with er-
ror bars from the catalog, grey squares are for data with SNR < 2,
and grey ‘x’s are for “missing” data with flux less than the observation
threshold. The blue line is the best-fit SED template combination, blue
circles show the flux density of the fitted SED at the corresponding
wavelengths integrated through the filter bandpasses, and blue shaded
region depicts the possible spread of the fit due to large error bars or
dust extinction.

therefore, derive higher SFRs for only these sources. Therefore, we cannot claim from
this plot alone that LAEs necessarily have intrinsically higher SFRs and stellar masses
than LBGs.

Luminosity Function

Fig.4.12 shows the LF for the sources in the EAZY parent sample at z ∼ 4, 5,
and 6 derived using the median absolute magnitudes listed in the EAZY output catalog.
We see that at around MUV ∼ −21, the incompleteness of our sample begins to affect
the number counts and the luminosity function falls off very rapidly. Retrieving proper
number counts would require application of completeness corrections that are beyond the



4.2. RESULTS FROM EAZY 39

(a) Evolution of the EAZY derived stellar
mass as a function of redshift z ∼ 4 (blue),
5 (green), and 6 (orange).

(b) Evolution of the UV SFR as a function
of redshift z ∼ 4 (blue), 5 (green), and 6
(orange).

Figure 4.10: The evolution of stellar mass and UV SFR with red-
shift. Parent sample is depicted with colored dots, and sub-sample
with squares.

scope of this project.
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Figure 4.11: SFR vs stellar mass plot for EAZY parent sample at z ∼
4 (blue), 5 (green), and 6 (orange). The parent sample is depicted with
colored dots, while the sub-sample with squares. The position of the
Milky Way on the plot is shown with a purple star.
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Figure 4.12: The LF derived from this work over-plotted onto the LF
from Bouwens, Illingworth, Oesch, et al. 2015 (same as Fig.1.3). The
data from this work is shown with star markers at z ∼ 4 (blue), 5
(green), and 6 (teal). The transparency represents the part of our data
where sample incompleteness grossly affects derived number counts.
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4.3 Summary

Table 4.2 presents a summary of selected properties derived for the sub-sample
from GALFIT and EAZY. Sizes under 0.1 kpc are marked with a ‘u’ for unresolved.
We also include a quality flag for the SED fits based on visual inspection. Fits with less
spread and small uncertainties on the flux data points are flagged “good” (e.g.: Fig.A.9 in
Appendix.A). Those with a large spread and large uncertainties are flagged “poor” (e.g.:
Fig.A.21 in Appendix.A). The “average” ones are somewhere in between (e.g.: Fig.A.27
in Appendix.A), In addition, we add some relevant comments about the sources in the
last column.

We see that n 16335 is a good candidate for follow-up study because it is resolved
in GALFIT, but not too extended, which could mean that it is a truly compact object,
potentially a super star cluster. From the SED fit discussed in Sec.4.2.1, it seems to have
a stellar mass and SFR that is consistent with this possibility.
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Source GALFIT Radius EAZY SED Notes
Continuum
(kpc)

Lyα
(kpc)

Fit
quality

stellar
mass (M�)

SFR
(M�yr

−1)

s 12390 0.11 (u) 0.68 good 1.06e+11 34.19 AGN/Quasar
(McLure et al. 2018,
Eric Wim Flesch
2021), Studied in
Cassata et al. 2020

s 17197 3.36 0.33 good 2.07e+10 18.57 GALFIT fit with 5
Sérsics

s 17357 0.04 (u) 0.04 (u) good 8.85e+10 145.35 AGN/Quasar (Eric
Wim Flesch 2021)

s 18207 0.16 0.50 poor 2.17e+11 1.38
s 21181 0.58 0.37 average 1.02e+11 17.81 AGN/Quasar (Eric

Wim Flesch 2021)
s 26144 0.41 0.10 (u) good 3.65e+09 11.26 Studied in Cassata et

al. 2020
s 33531 0.04 (u) 0.32 poor 9.83e+08 0.64
s 36953 0.09 (u) 0.09 (u) poor 3.76e+11 0.10
s 43831 0.45 0.22 average 5.08e+08 1.40
s 44106 0.08 (u) 2.24 poor 2.84e+08 0.91
n 16335 0.32 1.39 good 2.07e+09 6.86 Potential super star

cluster
n 16708 1.01 0.86 average 1.54e+11 11.78
n 29365 0.18 0.13 average 9.95e+10 773.40 Could be M star based

on SED
n 31351 0.16 0.31 average 9.90e+09 39.34 Could be M star based

on SED
n 39376 0.03 (u) 0.03 (u) poor 1.01e+12 4.58
e 06005 0.23 0.53 average 1.72e+10 101.50
e 18484 0.78 3.45 good 7.05e+09 16.87

Table 4.2: A summary of the properties derived for the sub-sample.
The first column is the name of the source, second and third columns
give the GALFIT radii for continuum and Lyα images respectively and
tag unresolved (< 0.1 kpc) fits with a ‘u,’ fourth column is a flag for
the quality of the EAZY SED fit based on the observed spread of the
SED, fifth and sixth are the stellar mass and SFR from EAZY, and the
last column includes some notable features of the source. The highest
derived stellar mass and SFR values are shown in bold font, and the
lowest in italicized font.
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Chapter 5

Discussion and Further Work

In this chapter, we find our sub-sample sources in other studies from literature,
discuss the uncertainty associated with our measurements, and briefly explore a few other
avenues of analysis that were beyond the scope of this project, but important all the same.

5.1 Comparison of Sub-sample with Literature

In this section, we note a few interesting catalogs from literature that some of
our sub-sample sources appear in (matched by RA and Dec co-ordinates).

5.1.1 Van Der Wel Catalog

All 10 GOODS-S sub-sample sources, and most of the parent sample sources in
the GOODS-S, and UDS fields are part of van der Wel et al. 2012. They measure the
global structural parameters 109,533 HF160W -selected sources by Sérsic model fitting in
HF160W , JF125W and, for a subset, YF105W filters. Their results are compared with ours
in Fig.5.1

The results are generally in agreement except for the Sérsic index and axis
ratio. This might be because we set a constraint on the latter to remain between 0.5
and 1 (Table 3.4) as we did not want to fit very elongated disk models to our compact
objects. Further, the radii in this work were also constrained to small values - no more
than 10 pixels, (which translates to 5 arcseconds). In contrast, some of the radii derived
in van der Wel et al. 2012 were as high as 15 or even 24 arcseconds (not shown on the
plot in Fig.5.1).
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Figure 5.1: Comparison of our derived galfit parameters with those
from van der Wel et al. 2012

5.1.2 ALPINE Survey

Two of the sub-sample sources, s 12390 and s 26144 were studied by Cassata
et al. 2020, who estimated the stellar mass and SFR using the LePhare code (Arnouts
and O. Ilbert 2011). Their results agree well with the EAZY results as shown in Table
5.1.

Name Catalog log(Stellar Mass) log(SFR)

s12390 This work 11.03 1.54
CANDELS GOODS 14 ALPINE-ALMA 10.49 1.5

s26144 This work 9.56 1.19
CANDELS GOODS 12 ALPINE-ALMA 9.3 1.12

Table 5.1: Parameters and their constraints given to GALFIT via the
constraint file

5.1.3 Quasars and AGN

s 17357 and s 21181 were identified as quasars in Eric W. Flesch 2019. s 12390

was tagged as an AGN source in the VANDELS survey catalog (McLure et al. 2018). For
these three sources, at least, the reason for compactness is clear - they are AGN/Quasar
point sources.
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5.2 Error Analysis

The main errors in our analysis stem from the exercise of fitting templates, both
for morphology and for the spectra.

In general, our simplistic models, such as the Sérsic used to fit galaxy morphol-
ogy and SED templates used to fit spectra, do not fully capture the true characteristics of
galaxies. Complicating matters further is the fact that our initial guesses for the fitting
are just that.

Additionally, there are errors from telescope imaging and spectroscopy which
are included in the sigma images given to GALFIT, and the catalog flux errors given to
EAZY.

5.2.1 GALFIT errors

Fig.5.2 shows the derived GALFIT uncertainties for radius, Sérsic index, and x
position as a function of the SNR of the continuum image (as calculated in Sec.3.1.5). It
can be seen that GALFIT returns un-physical uncertainty estimates upto 1010 especially
when fitting images that have low SNR.

Besides these uncertainties, there are several other factors that must be taken
into account when considering the results from this work.

dos Reis et al. 2020 found that since GALFIT is a least-squares fitting algorithm,
the use of bad priors can affect the output parameter values settling the solution into a
local χ2 minimum. Although in theory, the initial parameters should not have a major
effect on the fit unless they are considerably different from the actual values, in practice,
the initial parameters (especially the magnitudes) are much more important in order
to retrieve the models that provide the best residuals. Kimbrell et al. 2021 found that
GALFIT magnitudes are most sensitive to changes in the sky background, while effective
radii and Sérsic indices are most sensitive to the PSF.

Moreover, they found that a single Sérsic component was a poor fit and left very
bright residuals. Meert, Vikram, and Mariangela Bernardi 2013 show that bias of 0.05
mag and 5 per cent of the half-light radius result from fitting a two-component galaxy
with a single component and that this bias increases to 0.1 mag and 10 per cent of the
half-light radius for brighter galaxies. M. Bernardi et al. 2014 show that single Sérsic
fit tends to overestimate the sizes by about 10-15 per cent, particularly for the largest
objects and that this bias is worst for objects that are likely to be ellipticals.

We also discussed in Sec.2.2.1 how high-z galaxies do not fit into the Hubble
classification. For this reason, many studies favor non-parametric measurements such
as the CAS (concentration, asymmetry, clumpiness) system and the Gini index (Lotz,
Primack, and Madau 2004,Cotini et al. 2013,Bignone et al. 2020). Even more recently,
convolutional neural networks (CNNs) have been used to analyze visual morphology and
model-based structural parameters (e.g.:Tohill et al. 2021).
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(a) GALFIT radius uncertainty vs contin-
uum SNR

(b) GALFIT Sérsic index uncertainty vs
continuum SNR

(c) GALFIT axis ratio uncertainty vs con-
tinuum SNR

(d) GALFIT position angle uncertainty vs
continuum SNR

(e) GALFIT x position uncertainty vs con-
tinuum SNR

(f) GALFIT y position uncertainty vs con-
tinuum SNR

(g) GALFIT magnitude uncertainty vs
continuum SNR

Figure 5.2: Derived GALFIT uncertainty as a function of the SNR
of the continuum image (Sec.3.1.5). The shaded region indicates un-
physical uncertainty estimates owing to low SNR in the input image
supplied to GALFIT.

Still, for the compact sources studied in this project, parametric estimations,
especially the Sérsic, seem to work well (Sec.3.2.2) because for our purposes, we only
intend to retrieve a characteristic size measurement, and not the exact radius.
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5.2.2 EAZY Errors

SED fitting codes like EAZY are quite reliable and robust in terms of redshift
fitting. However, there is some debate as to their accuracy when it comes to estimating
physical properties of the galaxies (Magris C. et al. 2015). Since we’re using EAZY
primarily for the latter purpose, our results may suffer from these inaccuracies as well.
Estimation of SFRs is especially tricky because they require an assumption about the
IMF and star formation history of the galaxy (Sec.1.2).

However, as was discussed in Sec.5.1.2, the properties derived by Cassata et al.
2020 (using the LaPhare code) match with our EAZY results to within 0.1 dex. This
was also demonstrated in studies such as Dahlen et al. 2013 and Mobasher et al. 2015
where results from several popular SED fitting codes turned out to be very similar to
each other. That said, it is worth pointing out that many of these codes utilize some
form of χ2 minimization, which might mean they are essentially the same algorithm. In
that case it is unsurprising that their results match.

5.3 Noise

Since the Lyα signal has lower SNR than the continuum, the noise would be
relatively higher. Hence, we can add noise to the continuum image to simulate the noise
level for Lyα observations. Fig.5.3b demonstrates this by adding Gaussian noise with
mean = 0 and standard deviation = 10% of the maximum of the continuum flux value.
We see that the resulting “noisy continuum” resembles the Lyα image for the object. We
thus conclude that if the Lyα did have a diffuse extended emission like in low-z objects
from literature, it would not be possible to observe it at this SNR. This was only a basic
test, but more robust tests would need to be performed by artificially redshifting resolved,
extended local galaxies to see how much of the extended structure we can recover (e.g.
van den Bergh, R. G. Abraham, Whyte, et al. 2002,Petty et al. 2009).

5.4 LAE vs LBG

There is evidence to suggest that LAEs and LBGs are similar populations (Dayal
and Ferrara 2012,de La Vieuville, Pelló, et al. 2020). Steidel et al. 2011 even go so far
as to say that all LBGs would be identified as LAEs if the sensitivity of observations
were high enough. This is why many studies including our own compare the two popu-
lations. However, it is also true that the physical properties such as size and stellar mass
derived for LAEs are often different from those for LBGs (Malhotra, J. E. Rhoads, et al.
2012,Arrabal Haro et al. 2020). Hagen et al. 2016 argue that LAEs and LBGs cannot be
compared directly due to this difference, and they instead use a sample of optical emission
line galaxies (oELGs) because they have similar stellar masses, sizes, and SFRs as their
LAEs. In future, we could also compare our LAE sub-sample to galaxy populations with
similar properties, and see if our results and interpretation change significantly.
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(a) Continuum image (b) Noise image

(c) Noisy continuum (d) Lyα image

Figure 5.3: Images demonstrating the effect of noise on our observa-
tions. The first panel shows the continuum image for s 21181 as an
example. Second panel shows a Gaussian noise image with mean 0
and standard deviation 10% of the maximum of the continuum image.
Third panel shows the continuum image with the noise added to it.
Fourth panel shows s 21181’s Lyα image for comparison.

We can further expand upon the work done in this project by expanding our
sample to include more LAE and LBG objects at lower and higher redshifts than what
we used here. We can also repeat the analysis for other emission lines, e.g., Hα, OIII,
CIV, and compare morphologies across the spectrum.

Hα, in particular, is a good candidate for follow-up study because it is very
bright (although not as bright as Lyα), and it is much less prone to scattering and dust
attenuation than Lyα. This means that whereas Lyα scatters out to form extended halos,
Hα is a much better tracer of the gas around young stars. Therefore, it can provide a
more accurate picture of how compact or extended the sub-sample truly is. Furthermore,
as noted in Sec.1.1.1, Hα can be used in conjunction with the optical continuum to trace
the young vs old stellar populations separately. We could then also get an estimate of the
age of the LAEs and the stage of evolution they are at. Especially for super-star cluster
candidates, this could help us understand how and when they formed.

All the above mentioned projects would require that we use other instruments
capable of observing the specific emission lines at these redshifts. James Webb Space
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Telescope (JWST), for instance provides IFU and spectroscopic coverage out to 5 µm,
thereby allowing us to observe Hα at higher redshift than HST. Other future telescopes
such as the Extremely Large Telescope (ELT) can also help resolve compact objects of
< kpc scales at high redshift.
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Chapter 6

Conclusion

We present a sample of 17 LAEs at z ∼ 4− 7 observed in 3D HST grism data.
Their key feature is their extremely compact (∼ 1 kpc size) morphology in both UV
continuum and Lyα line images. The 17 objects were selected from a parent sample of
1060 LBGs that were in turn selected from publicly available catalogs from literature in
4 of the 5 CANDELS fields.

We explore various reasons for compactness, and attempt to understand whether
it is an anomaly, i.e., a purely observational effect, or a feature, i.e., one with actual
physical basis in reality.

We fit Sérsic profiles to the Lyα line and UV continuum morphology images us-
ing the GALFIT program, and find that the sizes derived for the sub-sample are generally
smaller than those obtained for the parent sample. This is in line with observations from
literature where LAEs are found to be more compact than other star-forming galaxies.

We also obtain photometric fluxes from the Skelton catalog (Skelton et al. 2014)
for the (991 out of 1060; see Table 3.2) objects and fit SEDs using EAZY. Here, we find
that the sub-sample star-formation rates and stellar masses are generally higher than the
parent sample, which again is in line with what we find in literature.

Based on our analysis, n 16335 could potentially be a truly compact source, and
a good candidate for follow-up as a super star cluster. In most other cases, however, it is
hard to say whether the compactness arises from physical reality or mere observational
effects. Based on other findings from literature, however, we may tentatively conclude
that the compact nature is the result of a combination of feature and anomaly. We will
need deeper data and further analysis to say for certain.
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[59] Matthew Hayes, Göran Östlin, Florent Duval, et al. “The Lyman Alpha Reference
Sample. II. Hubble Space Telescope Imaging Results, Integrated Properties, and
Trends”. In: apj 782.1, 6 (Feb. 2014), p. 6. doi: 10.1088/0004-637X/782/1/6.
arXiv: 1308.6578 [astro-ph.CO].
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Appendix A

Appendix of GALFIT and EAZY Fits for
Sub-sample

A.1 s 12390

(a) Continuum fit

(b) Lyα fit

Figure A.1: s 12390 GALFIT fit with single Sérsic

Figure A.2: s 12390 1D surface brightness profile
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Figure A.3: s 12390 EAZY fit with fixed z at 5.55
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A.2 s 17197

(a) Continuum fit

(b) Lyα fit

Figure A.4: s 17197 GALFIT fit with 5 Sérsics for contniuum and
single Sérsic for line

Figure A.5: s 17197 1D surface brightness profile

Figure A.6: s 17197 EAZY fit with fixed z at 4.56
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A.3 s 17357

(a) Continuum fit

(b) Lyα fit

Figure A.7: s 17357 GALFIT fit with single Sérsic

Figure A.8: s 17357 1D surface brightness profile

Figure A.9: s 17357 EAZY fit with fixed z at 3.62
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A.4 s 18207

(a) Continuum fit

(b) Lyα fit

Figure A.10: s 18207 GALFIT fit with single Sérsic

Figure A.11: s 18207 1D surface brightness profile

Figure A.12: s 18207 EAZY fit with fixed z at 4.87
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A.5 s 21181

(a) Continuum fit

(b) Lyα fit

Figure A.13: s 21181 GALFIT fit with single Sérsic

Figure A.14: s 21181 1D surface brightness profile

Figure A.15: s 21181 EAZY fit with fixed z at 3.68
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A.6 s 26144

(a) Continuum fit

(b) Lyα fit

Figure A.16: s 26144 GALFIT fit with single Sérsic

Figure A.17: s 26144 1D surface brightness profile

Figure A.18: s 26144 EAZY fit with fixed z at 4.41
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A.7 s 33531

(a) Continuum fit

(b) Lyα fit

Figure A.19: s 33531 GALFIT fit with single Sérsic

Figure A.20: s 33531 1D surface brightness profile

Figure A.21: s 33531 EAZY fit with fixed z at 4.51
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A.8 s 36953

(a) Continuum fit

(b) Lyα fit

Figure A.22: s 36953 GALFIT fit with single Sérsic

Figure A.23: s 36953 1D surface brightness profile

Figure A.24: s 36953 EAZY fit with fixed z at 4.80
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A.9 s 43831

(a) Continuum fit

(b) Lyα fit

Figure A.25: s 42662 GALFIT fit with single Sérsic

Figure A.26: s 43831 1D surface brightness profile

Figure A.27: s 43831 EAZY fit with fixed z at 4.07
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A.10 s 44106

(a) Continuum fit

(b) Lyα fit

Figure A.28: s 44106 GALFIT fit with single Sérsic

Figure A.29: s 44106 1D surface brightness profile

Figure A.30: s 44106 EAZY fit with fixed z at 4.67
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A.11 n 16335

(a) Continuum fit

(b) Lyα fit

Figure A.31: n 16335 GALFIT fit with single Sérsic

Figure A.32: n 16335 1D surface brightness profile

Figure A.33: n 16335 EAZY fit with fixed z at 4.26
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A.12 n 16708

(a) Continuum fit

(b) Lyα fit

Figure A.34: n 16708 GALFIT fit with single Sérsic

Figure A.35: n 16708 1D surface brightness profile

Figure A.36: n 16708 EAZY fit with fixed z at 4.99
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A.13 n 29365

(a) Continuum fit

(b) Lyα fit

Figure A.37: n 29365 GALFIT fit with single Sérsic

Figure A.38: n 29365 1D surface brightness profile

Figure A.39: n 29365 EAZY fit with fixed z at 6.46
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A.14 n 31351

(a) Continuum fit

(b) Lyα fit

Figure A.40: n 31351 GALFIT fit with single Sérsic

Figure A.41: n 31351 1D surface brightness profile

Figure A.42: n 31351 EAZY fit with fixed z at 6.11
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A.15 n 39376

(a) Continuum fit

(b) Lyα fit

Figure A.43: n 39376 GALFIT fit with single Sérsic

Figure A.44: n 39376 1D surface brightness profile

Figure A.45: n 39376 EAZY fit with fixed z at 5.43
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A.16 e 06005

(a) Continuum fit

(b) Lyα fit

Figure A.46: e 06005 GALFIT fit with single Sérsic

Figure A.47: e 06005 1D surface brightness profile

Figure A.48: e 06005 EAZY fit with fixed z at 5.63
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A.17 e 18484

(a) Continuum fit

(b) Lyα fit

Figure A.49: e 18484 GALFIT fit with single Sérsic

Figure A.50: e 18484 1D surface brightness profile

Figure A.51: e 18484 EAZY fit with fixed z at 4.30
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