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Abstract

Population IIT galaxies consisting mostly of metal-free stars are pre-
dicted to have formed in the early universe, i.e. at high redshift. Here,
we derive the color signatures of such exotic objects, using a state of the
art spectral synthesis code that can account for e.g. metallicity, age,
extinction and initial mass function. The color signatures vary, com-
pared to other published papers that mostly make use of the Lyman
break technique to identify high-redshift objects. In our survey, we
take into account strong Lyman-« radiation and can therefore detect
sources that might be rejected otherwise.

We make use of samples from ultra deep fields in published papers
which have identified high-redshift galaxies. Comparing the proper-
ties of these objects to our criteria, we discovered a number of strong
population IIT galaxy candidates.

As gravitational lenses boost the flux of objects behind them, we
can observe objects that would be too faint for observations in unlensed
fields. This provides us with an alternative way of observing the high-
redshift universe. We report the discovery of population III galaxy
candidates in these fields after applying a set of constraints to ensure
a high-redshift sample.

Furthermore, we discuss the strengths and weaknesses of the tech-
nique and results.
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1 INTRODUCTION

1 Introduction

One of the most intriguing questions in modern cosmology is the formation
of the first stars. By exploring this subject, it is possible to increase the
understanding of how the first stellar systems and supermassive black holes
etc. were formed.

The first stars are believed to have been metal-free since no heavier ele-
ments have had the time to form at this epoch. As a result of this, a small
part of the first galaxies might consist of these stars (Stiavelli & Trenti,
2010). Throughout this thesis we will define a galaxy as a stellar population
which can host ongoing star formation for more than one generation of stars.

If the first stars can be observed, we could explore their mass distribution
and investigate if they are as massive as our current theory predicts. The
first stars are, however, too faint to observe. Our only chance is probably to
look for galaxies that host these metal-free stars, but finding these objects is
challenging. Not only are they very faint, another difficulty is to distinguish
these sources from mundane objects.

We will determine the spectral signatures of the first galaxies, and for this
purpose we use the Yggdrasil spectral synthesis model. It can predict the
magnitudes of e.g. different stars and stellar populations with different initial
conditions such as metallicity, age, initial mass function and extinction. After
determining if metal-free galaxies show any distinguishable spectral features
and, if so, what they look like, it is possible to start searching for these exotic
objects.

The first place to search is in ultra deep fields, which are small areas
of the sky that have been exposed for a relatively long time. By increasing
the exposure time, more faint objects can be detected. High-redshift samples
have been prepared (by e.g. |Bouwens et al.[(2011) and McLure et al.| (2011))
using these observed fields.

Another way of observing objects at very high redshift is to use the
telescopes that the universe provides us with; gravitational lenses. By using
massive galaxy clusters as gravitational lenses it is possible to explore the
high-redshift universe behind them. CLASH (Cluster Lensing and Supernova
survey with Hubble) has started to observe a number of galaxy clusters and
the data from these has been continuously released during the course of this
thesis project.

The aims for this thesis is to use the Yggdrasil code to derive spectral
features for metal-free galaxies. Using these results it is possible to start
searching for these objects in ultra deep fields and behind galaxy clusters
which are being used as gravitational lenses.

In Sect. [2] and [3] I provide the theoretical background for this work. In
the next section, I explain Yggdrasil and its features. Sect. [5] contains the
case of gravitational lensing and Sect. [6]explores the CLASH survey. In Sect.
[7, I give the results of this study and in the final sections I summarize and



3 THE FIRST GALAXIES

present the work as well as discussing the outlook for this type of studies.

2 The first stars

The early universe favors more massive stars to form. The mass at which the
gas pressure of a cloud no longer can support its weight is called the Jeans
mass; it is described by

T \*? n —-1/2
~ 3 ~
Mj ~ pmynLy ~ 700 <200K> (104C _3> Mg, (2.1)

where my is the mass of a hydrogen atom, Lj is the characteristic size of a
“Jeans cloud” and n is the number density of the cloud. The mean molecular
weight, u, is normalized to u = 1.2, which is the case for neutral primordial
gas (Johnson, 2011). As the first gas consisted mainly of hydrogen and
helium, the number of coolants was low, leading to a higher temperature.

For higher temperatures, the Jeans mass becomes larger and hence al-
lowing more massive stars to form. Additionally, for higher temperatures
the accretion rate (Eq. ) also increases;

MaCC ~ g ~ <200}<> M@ yr 1, (22)

where tg is the free-fall time. As the Jeans mass, and thus the accretion
rate, increase with higher temperatures, the initial mass function (IMF) in
the early universe was probably top-heavy. The first stars are therefore
believed to have been very massive with a metallicity close to zero and are
called population (pop) III stars.

It is believed that the metal-free stars are formed in dark matter miniha-
los whose characteristic masses are of the order of ~ 10° — 10°M, as early
as z ~ 50 (Yoshida et al., 2003).

The minihalos where the first stars were formed, however, did not likely
host the first galaxies. The feedback from the stars in the form of radiation
and supernova explosions would disrupt the halo and making future star
formation impossible (Bromm & Yoshida, |2011)).

As the first stars are believed to have formed in small numbers in mini-
halos, their integrated brightness is not sufficient to be able to observe them
with current telescopes.

3 The first galaxies

As the minihalos are not massive enough to retain their gas after the first
stars have formed, it is believed that the first galaxies were formed in halos
with higher mass. These higher mass halos are probably mergers of the
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Figure 3.1: Schematic picture of how the first galaxies probably formed. An
atomic cooling halo is assembled from several dark matter minihalos. As the first
metal-free stars are believed to have formed in these minihalos, second generation
stars may be present in the first galaxies. Credit: |Bromm & Yoshida (2011)).

minihalos as they re-virialize the expelled gas (Bromm & Yoshida), 2011)).
Fig. 3-I] shows the standard scenario for the formation of the first galaxies.

If the dark matter halo is more massive than ~ 107 — 108M,, gravity
could withstand the forces from the first supernovae and retain the gas inside
the halo after a star formation period, (Johnson, [2011; Bromm & Yoshida
2011)). This would give rise to the first galaxies at z < 15 (e.g.|Johnson et al.
2008).
The virial temperature for a dark matter halo massive enough to with-
stand the forces of the feedback from the stars is described by

My, 23 114 2
T ~ 4 14(i) Vb K 1
“107(12) \iosn 10 ) &)

where M, is the halo mass, z is the redshift, u is the mean molecular weight of
the gas, h = Hy/100, and Hy is the Hubble constant given in km s~! Mpc™*

(Johnson| 2011). Eq. (3.1) is normalized to p = 1.2, which is the case
for a primordial neutral gas (Johnson, [2011)). Assuming a cold dark matter

cosmological model with a cosmological constant (ACDM) and h ~ 0.7, at
z ~ 20 and My, ~ 107 M), the virial temperature is roughly Tiir =~ 10* K. At
this temperature, the gas starts to ionize; a significant fraction of the energy
released from a supernova in this environment is transformed to emission
and is radiated away. This significantly reduces the gas that is ejected from
the halo, compared to if there was no photoionization .
Another characteristic property of a dark matter halo is its virial radius,
which is the distance from the center where the infalling material reaches
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Figure 3.2: Gas collapsing into a dark matter halo at z ~ 10. The left panel cor-
responds to the number density of hydrogen and the right panel is the temperature.
The dashed line shows the virial radius. Credit: |Greif et al|(2008b).

the virial temperature (Johnson, 2011). Fig. shows a simulation of a

dark matter halo massive enough to host the first galaxy. The infalling
matter from the intergalactic medium (IGM) reaches the virial temperature
at rvir = 1 kpc.

Some of the gas, however, does not reach the virial temperature. Instead
it continues to stream to the center where it can cool the existing gas to
< 500 K, and later collapse to form stars .

At temperatures above 10* K, part of the gas is ionized. The dominant
reaction in creating hydrogen molecules is

e +H—-H +7~ (3.2)
H +H-—>Hy+e . (3.3)

As the gas is partly ionized, the electron fraction is enhanced, and the re-
action rate of Eq. increases and the density of molecular hydrogen
becomes larger at the center of the halo. Additionally, a higher density of
Hs triggers another reaction where a deuterium nucleus reacts with a hydro-
gen molecule to form deuterium hydride and a hydrogen atom:

Dt + Hy — HD + H™. (3.4)

As the primordial gas contains a very low free electron fraction, X, <

10~* (Johnson , Eqgs. and hence and are inefficient.

The enhanced density of Hy in the halos that hosted the first galaxies thus
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Figure 3.3: The cooling rates for Hy(solid line), HD(dot-dashed line) and
H (dashed lines). Credit: \Johnson| (2011).

leads to a more efficient cooling than in the minihalos that created the first
pop III stars.

As can be seen from Fig. [3.3] at low temperatures the HD-cooling is more
efficient than for Hs; this leads to even lower temperatures in the center of
the halo. It is not shown in Fig. but at T ~ 10* K, the most efficient
coolant is atomic hydrogen (Johnson, [2011]). The halos that formed the first
galaxies are therefore usually referred to as atomic cooling halos.

However, the situation becomes more complicated after the first stars
have formed. They emit, for instance Lyman-Werner photons; these are
photons with energies ranging from 11.2 to 13.6 eV (Johnson, |2011)). These
high energy photons can dissociate the hydrogen molecules according to

Hy + 7y — Hj — 2H. (3.5)

As a consequence, the cooling by Hs is suppressed and the star forming phase
is delayed (Johnson 2011)).

Additionally, the first pop III stars may affect other zero-metallicity stars
formed at later times. The radiation emitted from the stars can dissociate
neutral hydrogen:

H4+~vy— HM e, (3.6)

The free electron can collide with other gas particles and thus heating the gas.
The temperature at which these reactions are are at equilibrium is 7" ~ 10%
K. However, when stars within the halo die, the temperature decreases. This
enables HD molecules to form and the temperature can reach as low values
as T ~ Tevsr (Johnsonl, 2011)).

As the Jeans mass decreases in this type of environment, the stars formed
under these circumstances would probably have lower characteristic masses
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(M ~ 10Mg) compared to the first pop III stars (M ~ 100M) (Greif &
Bromm)|, [2006]). It is therefore convenient to divide pop III stars into two
subclasses. Pop III.1 stars formed first in minihalos, while the pop III.2
stars formed after some pop III.1 stars died and are hence affected by the
radiation from these stars (Tan & McKee, 2008).

3.1 Initial mass functions
IMFs are usually described as power-laws:

% o M, (3.7)
In 1955, [Salpeter| (1955)) suggested that the value of a was 2.35 for stars
heavier than one solar mass. This IMF is called a Salpeter function. This
work was later extended by |Kroupal (2001)) who adopted o = 2.3 for M >
1Mg and other values for mass ranges under one solar mass. This type of
mass function is called the Kroupa IMF. In this work we will consider the
Kroupa IMF, a moderately top-heavy log-normal IMF as well as an extremely
top-heavy IMF to account for different possible scenarios.

3.2 Black holes in the first galaxies

The stronger the Lyman-Werner radiation field is, the more inefficient the
Ha-cooling becomes. According to simulations by |Shang et al.| (2010)), if the
flux of Lyman-Werner photons exceeds a critical value, the gas will be unable
to cool sufficiently to form stars. Instead, the the material continues to fall
onto the halo until it collapses under its own weight and forms a black hole.
This black hole would probably exceed 10* M, (Shang et al., [2010).

It is possible that these black holes are the seeds of the supermassive
black holes (SMBHs) observed today at z < 6 (Johnson| 2011)).

If black holes are formed inside an atomic cooling halo, it would affect the
properties of the gas. As material accretes around the black hole it releases
potential energy and heats the gas. In the inner parts of the accretion disk
the temperature can reach values of T =~ 107 K (Johnson, 2011). The high
temperature suggests that the black holes formed by collapse in the atomic
cooling halos emit large amounts of Lyman-Werner radiation, X-rays and
ionizing radiation (Johnson, 2011)).

3.3 The transition from pop III to pop II

As previously mentioned, pop I1I galaxies are characterized by zero-metallicity.
But after the first supernovae explode, they will affect the surrounding
medium. Stars formed in these environments will have different characteris-
tics due to the enrichment of heavy elements from the supernova eruptions.
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Stars with initial masses of 40-140 Mg or > 260 M will, at the end of
their lives, form a black hole without a preceding explosion (Heger et al.,
2003)), and does not significantly change the chemical composition of the
circumstellar medium (Greif et al. [2008a). Stars with 140My < M <
260M¢ will, however, explode as pair instability supernovae (PISNe) (Heger
et al} 2003). This type of supernova disrupts the entire star, i.e. leaving
no remnant and the heavy elements created in its core are ejected into the
primordial gas.

The energy released by the supernova causes the hosting halo to expand
until the gas that has been chemically enriched starts to collapse again to
form new stars (Johnson, |2011)). The gas that collapses back into the halo
has a characteristic metallicity of ~ 1073 Zg (Johnson| 2011), and the stars
formed in this environment would have the same chemical composition, mak-
ing them the first pop II stars.

The degree of the metal distribution is mostly determined by the energy
released in the supernova explosion, which can be 10°1723 erg (Greif et al.|
2007)).

3.4 Lyman break galaxies

Photons from distant galaxies are affected on their way to an observer. Not
only are they redshifted, but they can also be absorbed and re-emitted in
intergalactic clouds in the line of sight. One of these effects is the Lyman-a
forest. Neutral hydrogen in intergalactic space absorbs the Lyman-«a photons
and an absorption line appears in the observed spectrum. As clouds with
neutral hydrogen can reside at any redshift, the resulting spectrum is a
number of absorption lines at wavelengths shorter than the rest-wavelength
ALya = 1216 A, see Fig. In this spectrum it is clear that at wavelengths
shorter than 1216 A | the flux is significantly reduced due to the Lyman-o
forest.

For galaxies located at high redshifts (i.e. z > 6), the Lyman-« forest is
so strong that all light at energies higher than 1216 A is absorbed (Steidel
et al.; 1996). This will result in a spectrum with a “cut off” blue-ward of the
Lyman-« line, and a galaxy like this is called a Lyman break galazy.

The higher the redshift, the more the Lyman break moves to the red
part of the spectrum; e.g. at a redshift of z = 8 the break would appear at
A =~ 11000 A, i.e. in the infrared Y-band.

Galaxies which are visible in one filter but whose fluxes are significantly
reduced or undetected in the bluer neighboring filter are usually referred to
as drop-out galaxies.



4 THE YGGDRASIL MODEL

LB

Figure 3.4: Composite spectrum of 81 galaxies in a sample with redshift range
3.5 < z < 4.5. It is clear from this plot that radiation at wavelengths shorter
than 1216 A is significantly reduced due to the Lyman-o forest. Credit:

(011

4 The Yggdrasil model

In order to detect pop III galaxies, we need a tool to predict their signatures
based on their intrinsic conditions. This is where Yggdrasil comes in; this is
a model used to predict e.g. the magnitudes in different filters for different
stellar populations and galaxies.

As mentioned, we expect true pop III galaxies to form in regions that
have not yet been chemically enriched. It is possible that there exist hybrid
galazxies; these are galaxies that have an incomplete mixing of metals. Some
regions of primordial gas remain their initial chemical composition
son et al., [2011). The existence of these regions can be explained by e.g. a
non-homogenous mass distribution. In this non-metallicity environment pop
III stars can form, among with higher metallicity stars in the other parts of
the galaxy.

Yggdrasil models the spectral energy distributions (SEDs) of galaxies
with varying metallicity at high redshifts and takes into account e.g. nebular
emission and dust extinction. As the IMF is uncertain for pop III galaxies, it
is possible to alter between e.g. top-heavy IMFs and the Kroupa IMF which
is adopted for pop I and II galaxies.

One of the assumptions going in to the code is that of a spherical nebula
with a constant hydrogen density.

The presence of dust does not appear in the earliest stages in star for-
mation at high redshift. However, stars with masses ranging between 140
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Figure 4.1: SEDs of two 1 Myr old dust-free galaxies. The left panel is the SED
for a pop I galaxy with a metallicity of Z = 0.02 while the right panel represent a
pop III.1 galaxy. The blue lines correspond to if the SEDs were dominated by the
stellar emission and the red lines show the SED if both stellar and nebular effects
are taken into account. Credit: Zackrisson et al.| (2011).

and 260 Mg end their lives as PISNe after a few million years (Heger et al.
2003)), which will release dust that affects the overall spectra of galaxies.

4.1 Nebular contribution and dust

If the gas around a galaxy is photoionized, it will affect the SED. In Fig.
the difference is displayed for two types of galaxies. It is clear from these
plots that the presence of a nebula around the galaxy significantly changes
the shape of the spectrum.

The surrounding gas absorbs photons with shorter wavelengths than 912
A(the Lyman limit) and this is why the red lines show a break at this wave-
length.

The nebular contribution is determined by using the method described
in Zackrisson et al| (2001). Model spectra for different types of stars, e.g.
different metallicities, ages and masses are used to create template spectra
for different types of stellar populations. In our current analysis, this is
done using the Starburst99 code (Leitherer et al., [1999)) for pop I and pop
I1 galaxies and [Schaerer| (2002) and [Raiter et al| (2010) stellar population
spectra for pop III galaxies. The output from these codes is then used as
input to Cloudy (Ferland et al.;|1998)). This code generates spectra for stellar
populations that are surrounded by nebulae.

The envelope of gas around the galaxy does not have to be homogenous;
supernova effects or radiation may create holes in the nebula. This causes
a leakage of star light that does not interact with the nebula, and hence
altering the spectrum. This effect is governed by the covering factor, feov,
and ranges between 0 and 1. A value of f.o, = 1 means that no direct star
light reaches the observer; fcoy = 0 would imply no surrounding nebula.
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Another property that Cloudy takes into account is the fact that there
may exist pockets of low-density-regions in the nebula. This is controlled by
the filling factor, fan and it describes the porosity of the gas.

The parameters that are used as input to Yggdrasil is the nebula’s inner
radius, Rin, and the mass that is used to form new stars, Mior. Mot is simply
estimated by integrating the star formation rate (SFR) over the duration of
a star-forming episode:

Mgy = /0 SFR(?) dt. (41)

The inner radius is determined by using

7\ /2
Riw=100Ro (7] (4.2)
©

where L is the bolometric luminosity (Zackrisson et al., 2011).

The mass used to form new stars is set to Mo = 10% Mo, but our
results are not that sensitive to this assumption. The colors one would
receive by using the James Webb Space Telescope (JWST') would not change
significantly even if this value would have been three orders of magnitude
larger (Zackrisson et al., 2011]).

After the first supernovae in the first galaxies explode, one has to take into
account the extinction from dust. So called attenuation laws are then used in
Yggdrasil (Pei, [1992; |Calzetti, 1997). It is assumed that the dust is present
outside the photoionized region: this is viable for young pop III galaxies
since we do not expect any dust surrounding pop I1I stars (Zackrisson et al.,
2011). For simplicity, we make the same assumption for pop I/II stars.

The nebular contribution to the SED is prominent for young pop III
galaxies, as shown in Fig. In the right panel the cyan line (pop III.1)
ends at ~ 105 years; this is due to that pop II1.1 stars generally do not live
longer than this (Schaerer], 2002).

4.2 Type A, B and C

The impact of the surrounding gas can vary from different galaxies. It is
therefore convenient to divide them into three classes:

Type A. This is the so-called ionization-bounded HII region. If an ionizing
source is surrounded by nebular gas, the photons will ionize the gas. For
smaller radii of the surrounding gas, the ionizing photons have a higher
density and the state of ionization is larger. If the density of the nebular
gas is high enough, it will absorb all the ionizing photons and it is called an
ionization-bounded nebula. Any Lyman-continuum would be absorbed by
the nebula and the nebular emission would dominate the SED of the galaxy.
Type B is an intermediate class where a part of the ionizing photons escape

10
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Figure 4.2: The left panel shows the nebular contribution in the F444W filter in a
1 Myr old as a function of redshift. The right plot displays the nebular contribution
as a function of age at redshift z = 10. The black and red lines correspond to pop
I and pop II galaxies respectively. The cyan line is a pop III.1 galaxy, the blue line
is a pop III.2 galaxy and the green line represent a pop III galaxy with a Kroupa
IMF. Credit: |Zackrisson et al|(2011])).

into the intergalactic medium.

Type C' is the opposite of type A. Here, all the Lyman radiation escapes from
the nebula and the nebular emission does not significantly affect the SED of
the galaxy.

In Yggdrasil, only type A and C galaxies are taken into account; it would
be more difficult to model the type B galaxies due to e.g. the time depen-
dence of the gas density.

By setting fcoy between 0 and 1 it is possible to use this as a substitute
for type B galaxies. However, even if the result may be a rough estimate of
the SED from this type of galaxy it should be taken with caution since it is
not a true simulation of a type B galaxy.

5 Gravitational lensing

Light that travels from a source to an observer is affected in different ways
on its path. One of these effects is gravitational lensing; this is the bending
of light when it passes a massive object. The deflection of light was first
mentioned in 1804 by Johann Soldner, a german scientist (Wambsganss,
1998). In 1911, Albert Einstein published a paper about the gravity on
light, but it was not until the advent of general relativity that he obtained
the angle by which light is deflected:

4GM 1

5.1
T (5.1)

d{:

where c is the speed of light, GG is the gravitational constant, r is the distance
from the photon and the lens and M is the mass of the lens.

11
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Source

Lens

Observer

(a) (b)

Figure 5.1: The case of gravitational lensing. (a) The source S emits photons
that are deflected by the lens L and the observer O sees two images, S1 and Ss.
(b) Definitions and relations between angles. Credit: \Wambsganss| (1998]).

It is assumed that the thickness of the lens is so small that it can be
neglected. This is referred to as the thin lens approximation and is valid
for almost all cases in astronomy, where the distance between emitter and
observer usually is significantly larger than the thickness of the lens (Wamb-
sganss, (1998)).

A Friedmann-Robertson-Walker metric is assumed:

ds?® = 1+%q3 Adt? — a?(t 1-3?7 do, 5.2
2
C

where ® is the Newtonian potential and the left term is the perturbation
caused by the lens.

In Fig. schematic pictures of the lensing situation is shown. For
gravitational lenses at cosmological distances, one has to consider e.g. the
curvature of space-time. In this simplified case this is not taken into account.

From Fig. [5.ID] we can se that the following relation is valid if all angles
are very small, which is the case for gravitational lensing (Wambsganss|,
1998):

aDs = aDys. (5.3)

Additionally, the relation between the angles 0, o and S is simply given
by

B=0—al), (5.4)

12
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and by applying this to Eq. we obtain
1GME) 1

2 ¢
where M () is the mass inside radius {. By plugging Eq. (5.3) in to Eq.
(5.4])) we obtain

(5.5)

a =

Dsg
=0- —aqa. 5.6
B=0- 5% (5.0
Now, we insert Eq. (5.5) and get
Dis 4GM 1
=0—-—= —. 5.7
p-o- Wi (5.7

The final step is to use & = Dp,0 which can be seen from Fig. [5.1b] We then

obtain
Dis 4GM

- DLDs %0
If the source is perfectly aligned with the lens in the line of sight a special
phenomenon occurs. The light is equally affected in all directions and the

observer sees an Einstein ring. In this case the angle 3 is zero and Eq. (5.8))
simplifies and we can solve for 0,

[AGM Dig
O = , 5.9
E 62 DLDS ( )

where 0y is called the Einstein radius. This pehomenon is not often observed,
but the concept is useful since fg can give an idea on how suitable a lens is
as a magnifier.

=0 (5.8)

5.1 Magnification
By considering Eq. (5.9)) it is convenient to simplify Eq. (5.8):
92
B=0-— WE (5.10)

By then solving for 8 we obtain

019 = % <,8 + /52 +49%> ) (5.11)

The magnification of an object behind a lens is given by the ratio of the solid
angles of the source and the picture that the observer sees, i. e.

X

=G5 (5.12)

L

13
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iz = <1 - (;’i))_l (5.13)

If B < 6g i.e. the source is inside the Einstein radius it is mirrored. This is
the case for a singular isothermal sphere (SIS). This the simplest description
of the distribution of matter in systems in the universe e.g. galaxy clusters.
The density distribution is described by

and

_ 9 5.14

plr) = 2rGr?’ (5:14)

where 0‘2/ is the velocity dispersion. For other types of mass distributions,
the resulting images could be more than one source.

As mentioned previously, if an object lies directly behind the lens, the
observer will see an Einstein ring. However, if 5 = 0 in Eq. the
magnification goes to infinity. This is due to the simplifications made; for
instance, the emitter is assumed to be a point source and the lens is assumed
to be infinitely thin. By taking into account that a source usually is not
point-like and allowing the lens to have a thickness, the magnification for an
emitter directly behind a gravitational lens, is indeed finite.

5.2 Advantages and drawbacks

One of the main advantages of gravitational lensing is that of not having
to expose the field of view for so long, as is the case for Ultra Deep Fields
(UDFs). As the lenses increase the flux from a background source it is pos-
sible to detect objects that are too faint for the UDFs. Two other factors
work in its favor. First, not only is the flux of the source enhanced; the ob-
served size is also magnified, allowing more detailed studies of the structure.
Second, the fact that some of the objects will appear with more than one
image, allows astronomers to separate them from spurious objects (Bradac
et al., |2009)).

A drawback for gravitational lensing is that even if the fluxes of the lensed
sources are amplified, the area of the source plane is reduced by a factor pu.
As a result of this, a smaller volume at high redshift is examined, compared
to an un-lensed field.

5.2.1 Galaxy clusters as gravitational lenses

The fact that clusters of galaxies are very massive makes them excellent tools
for observing the distant universe; the number of high-redshift candidates is
significantly higher compared to an un-lensed field. In fact, a large fraction
of all m < 25.5(AB) galaxies at z 2 6.5 have been detected using galaxy
clusters as cosmic telescopes (Postman et al., 2012).

14



6 CLASH

Additionally, examining a cluster that works as a gravitational lens pro-
vide an excellent way of mapping the dark matter distribution in that cluster.

The magnification from a cluster can range between p = 10— 100 (Maizy
et al., [2010).

6 CLASH

The Cluster Lensing And Supernova survey with Hubble (CLASH) is a pro-
gram that targets 25 galaxy clusters and will observe them in 16 filters.
There are four main goals for CLASH (Postman et al., [2012):

1. Estimate the dark matter distribution in galaxy clusters more accu-
rately than in prevoius surveys.

2. Explore e.g. the time dependent equation of state in high redshift
(z ~ 2.5) supernovae.

3. Find high redshift (z ~ 7) galaxies and determine their properties.

4. Examine galaxies in and behind the targeted clusters.

6.1 The cluster sample

There have been minor surveys prior to CLASH, containing 5-10 clusters.
However, these clusters were selected only due to their suitability as grav-
itational lenses (Postman et al., 2012). This causes the sample to become
biased towards clusters with a higher central mass concentration. To avoid
this, 20 clusters selected for CLASH are mainly chosen using X-ray obser-
vations to make sure that they are dynamically relaxed. The remaining five
are selected based on their large Einstein radius (fg > 35”). For the study
carried out in this thesis, the high magnification clusters are of the largest
interest. The large value on the Einstein radius increases the area with large
L.

The reasons for using data from CLASH are the facts that the catalogs
contain a large amount of data and the clusters are observed in many filters.

The mass range of all the clusters is relatively large (~ 5 — 30 - 10'4M)
and the redshifts lie between 2z, = 0.18 and 2pax = 0.90. See Table [I] for
details on the full sample.

6.2 The project design

The 16 filters that will be used for the survey range between 2000 and
17000 A; this corresponds to near-ultraviolet to near-infrared (Postman et al.,
2012). The instruments that are being used for the study are the Advanced
Camera for Surveys (ACS) and the Wide Field Camera 3 (WFC3) onboard

15



6.2 The project design 6 CLASH
Cluster Q32000 032000 ZClus
X-ray selected clusters
Abell 209 01:31:52.57 -13:36:38.8  0.206
Abell 383 02:48:03.36  -03:31:44.7 0.187
MACS0329.7-0211 03:29:41.68  -02:11:47.7  0.450
MACS0429.6-0253 04:29:36.10  -02:53:08.0  0.399
MACS0744.9+3927 07:44:52.80 +39:27:24.4 0.686
Abell 611 08:00:56.83 +36:03:24.1 0.288
MACS1115.9+0129 11:15:52.05 +01:29:56.6  0.352
Abell 1423 11:57:17.26  +33:36:37.4 0.213
MACS1206.2-0847 12:06:12.28  -08:48:02.4  0.440
CLJ1226.94-3332 12:26:58.37 +33:32:47.4 0.890
MACS1311.0-0310 13:11:01.67 -03:10:39.5 0.494
RXJ1347.5-1145 13:47:30.59  -11:45:10.1 0.451
MACS1423.8+2404 14:23:47.76  +24:04:40.5 0.545
RXJ1532.9+3021 15:32:53.78  +30:20:58.7 0.345
MACS1720.3+3536 17:20:16.95 +35:36:23.6 0.391
Abell 2261 17:22:27.25 +32:07:58.6  0.224
MACS1931.8-2635 19:31:49.66  -26:34:34.0 0.352
RXJ2129.74+0005 21:29:39.94  400:05:18.8 0.234
MS2137-2353 21:40:15.18  -23:39:40.7 0.313
RXJ2248.7-4431 (Abell 1063S)  22:48:44.29 -44:31:48.4  0.348
High magnification clusters
MACS0416.1-2403 04:16:09.39  -24:04:03.9 0.42
MACS0647.8+7015 06:47:50.03 +70:14:49.7 0.584
MACS0717.5+3745 07:17:31.65 +37:45:18.5 0.548
MACS1149.6+2223 11:49:35:86  +22:23:55.0 0.544
MACS2129.4-0741 21:29:26.06 -07:41:28.8  0.570

Table 1: The galaxy clusters in the CLASH sample. Credit: |Postman et al.[(2012)).
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Figure 6.1: The CLASH filters. Some of the filters are plotted with a vertical
offset of 0.2 to avoid the figure being to cluttered. Credit: [Postman et al. (2012).

the Hubble Space Telescope (HST). In Fig. all filter profiles available
for CLASH are shown.

ACS will observe in the optical filters, while WFC3 will observe in the
rest.

7 Results

The ability to predict the colors of pop III galaxies is crucial to be able to
find suitable candidates. However, it is equally important to find the corre-
sponding colors for other types of galaxies at the same redshift. This enables
us to distinguish the pop III galaxies from mundane objects. Therefore, a va-
riety of input parameters and combinations are used in the Yggdrasil model.
The parameters used for this survey are feov, frya and IMF. All stars in the
galaxy types are assumed to have formed at one time, i.e. an instantaneous
burst.

As pop III galaxies are expected to occur at high redshift, the Lyman
break should appear in the IR or NIR. Hence, it is therefore filters in this
wavelength range that are the interest of this survey.

7.1 Finding the characteristics

Fig. [7.Ta]shows how the colors of a young pop III galaxy evolves at z = 7. By
plotting the tracks for different types of galaxies with different conditions it
is possible to define a unique area in a color-color diagram that only harbors
pop III galaxies at high redshifts.

Yggdrasil allows us to derive the colors for different redshifts and find
out how they behave for different z; in Fig. this is shown.

As a second step, we want to find the corresponding area for other types of
galaxies to be able to generate a unique surface in the color-color plane which

17
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Camera  Filter 100 limit 50 limit
(AB mag) (AB mag)

WFC3  F225W 25.7 26.4
WFC3  F275W 25.7 26.5
WFC3  F336W 25.9 26.6
WFC3  F390W 26.5 27.2
ACS F435W 26.4 27.2
ACS F475W 26.8 27.6
ACS F606W 26.9 27.6
ACS F625W 26.4 27.2
ACS Fr75W 26.2 27.0
ACS F814W 27.0 2.7
ACS F850LP 26.0 26.7
WFC3  F105W 26.6 27.3
WFC3  F110W 27.0 27.8
WFC3  F125W 26.5 27.2
WFC3  F140W 26.7 27.4
WFC3  F160W 26.7 27.5

Table 2: The filters used in CLASH with their limiting magnitudes. Credit:
Postman et al.| (2012)).

is exclusive for pop III galaxies. Yggdrasil also offers evolutionary tracks for
more chemically enhanced populations; in Fig. [7.2] the color evolution for
a pop III galaxy along with corresponding tracks for pop I and II galaxies
are shown. From this plot, it is clear that it seems to exist a part in the
color-color plane that exclusively harbor pop III galaxies. Completing this
figure with tracks for 6 < z < 9 enables us to find a unique area exclusively
for pop III galaxies at these redshifts.

This machinery enables us to generate two color-color surfaces using 4
filters. These are displayed in Fig. [7.3] As the different areas are generated
using different filters, they also correspond to different redshifts. The left
plot in Fig. [7.3a] represent the redshift range 7 < z < 9 while the right
surface spans between z = 6.5 to z = 8.

In some surveys, however, another Y-filter is used. It is the narrower
Yyos-filter which spans from ~ 900 — 1100A, while Y5 has a wavelength
range between ~ 900 and ~ 1200A. In order to use data from studies using
this filter, additional color criteria must be generated, as a pop Ill-patch
would have a different appearance with a narrower filter. The method for
obtaining these conditions is the same as previously described. In Fig. [7.3
the color criteria for the redshift intervals 6 < z < 7.7 (Fig. and
7.5 < z <9 (Fig. are presented.
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Figure 7.1: (a) Evolutionary track of the colors zg50 — Y105 against Y195 — J125 for
a pop III galaxy with a Krupa IMF at redshift z = 7 with feo, =1 and frLyo=0.5.
It is assumed that all stars in the galaxy are formed at the same time, i.e. an
instantaneous burst. The square, circle and triangle represent the different ages of
the galaxy as described in the legends. As is clear from this plot, the galaxy becomes
redder as it gets older. (b) Evolutionary tracks for the same type of galaxy as in the
left panel. Here tracks for more than one redshift are displayed; from the bottom:
z=26.5,z="7and z =17.5.

Apart from the pop III galaxy color signatures obtained from Yggdrasil,
the dropout criteria from Bouwens et al.| (2011), Eqgs. , and ,
are displayed for comparison. However, in the left panel in Fig. the
dropout criteria from [Wilkins et al| (2011)), Eqs. (7.12), are plotted. The
reason is that in Bouwens et al.| (2011)), they are using z — J to identify
z-band dropouts, Eq. , and in this study we will not be using those

colors.

7.2 Ultra Deep Fields

The first objects to examine are samples from published articles which have
distinguished a number of high redshift galaxies. The colors of these objects
are used in the color-color planes obtained from Yggdrasil. In Fig. [7.4] we
present all high-redshift sources from the UDFs that are used in this project.
They are divided into Y-band dropouts and z-band dropouts.

In the following subsections, we will discuss all articles and candidates
separately.

7.2.1 Bouwens et al.| (2011

The data set for this article is obtained by using ultra deep observations
made with WFC3 and ACS over a two-year period. The sample is extended
with data from GOODS (The Great Observatories Origins Deep Survey).
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Figure 7.2: Evolutionary tracks (z = 6.5, z = 7 and z = 7.5) for different types of
galaxies. The colors are explained in the legend. The circles, triangles and squares
correspond to the same ages as explained in Fig.

This is taken from the ERS (Early Release Science) observations; however,
the Y-filter (Ypos) is different from the one used in WFC3 (Yigs).

To distinguish high-redshift galaxies from nearby objects [Bouwens et al.
(2011) make use of the signatures from Lyman break galaxies (Sect.
and the criteria:

(z850 — Y105 > 0.7) A (Y105 — J125 < 0.45) (7.1a)
VAN (2850 — Y5 > 1.4(J125 — H160) + 0.42), (71b)

for zgso-dropouts and
(Y105 — J195 > 0.45) AN (J125 — Hygo < 0.5), (7.2)
for Yio5-dropouts. Corresponding criteria for the ERS-field are

2850 — J125 > 0.8 + 1.1(J125 — Hig0)
A zgs0 — J125 > 0.4 + 1'1(}/098 — J125), (73b)

for zgso-dropouts and
Yoos — Jio5 > 1.25 A Jio5 — Higg < 0.5, (74)

for Ypog-dropouts. These conditions strongly favor star forming galaxies at
z ~ 7 and z ~ 8. Another requirement is that the sources are detected
with 4.50 significance in the relevant filters. Furthermore, sources detected
in optical bands are rejected since the Lyman-« forest should suppress the
flux at these wavelengths.
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Figure 7.3: (a) The areas corresponding to pop III galaxy signatures using filters
2850, Y105, J125 and Hygp (Blue regions). The grey regions correspond to the dropout
criteria adopted by [Bouwens et al.| (2011). (b) The areas corresponding to pop III
galaxy signatures using the filters zgso, Yoos, J125 and Higo (Blue patches). The
grey area in the left panel correspond to the dropout criteria from
and the grey area in the right panel corresponds to the dropout criteria
adopted by |Wilkins et al|(2011).

To further constrain the sample, |Bouwens et a1.| (|2011D use their Xgpt—
method to exclude any low redshifts contaminants. For all optical data they
generate a collective value of Xgpt from the optical filters:

Xopt = Z SGN(fi)(fi/o:)?, (7.5)

where f; is the flux in filter 7, o; is the uncertainty in the flux in band 7 and
SGN(f;)is 1if f; > 0 and —1if f; < 0. All objects exceeding a critical value
of Xgpt are rejected. This value is determined by simulations carried out by
Bouwens et al.| (2011)).

Through tests and simulations, Bouwens et al.| (2011)) came to the conclu-
sion that possible contaminants in their high-redshift sample are most likely
low-redshift objects that are included due to photometric scatter. This effect
has greatest impact for faint sources. The uncertainties associated to these
objects are relatively large and this causes them to scatter in a color-color
diagram. Additionally, the large number of faint sources further increases
the risk of them entering the “high-redshift domain”.

The technique of constraining the sample described above have led to an
estimated contamination fraction of 11% (Bouwens et al., 2011)).

The data used from the article includes zg50— Y105, 2850 — Yo9s, Y105 — J125,
Yoos — J125 and Ji95 — Higp with their respective uncertainties. In Fig.
the colors from the z ~ 7 sample, i.e. zgso-dropouts, are displayed. As is
clear in these plots, 7 candidates satisfy our color criteria in the Y705 — Ji25
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Figure 7.4: All candidates from the UDFs in the articles. The regions in the two
figures at the top correspond to are 6 < z < 8 and the lower figure corresponds to
8§<2z<9.

vs. Jios — Higo plane and no candidates in the zg50 — Y105 vs. Yigs — Ji25
plane. The candidates in the left panel of Fig. are plotted with their
respective uncertainties in Fig.

The candidates meet our criteria in one color plane, but not the other. As
we want as strong candidates as possible, we want them satisfy the conditions
both planes, or be classified as candidates in more than one sample. As, these
sources do are not detected in other data sets, we will not include them in
the final sample.

By definition, Yig95-dropouts are not detected in the zgsg-filter. Therefore,
only the left panel in Fig. can be used for these objects. In Fig. [7.0]
it is clear that one of the objects in this sample met our color criteria; this
is UDFy-39106493 (their notation). This pop III candidate is located at RA
03:32:39.10 and Dec -27:46:49.3. According to [Bouwens et al. (2011) it has
a redshift of z ~ 8 as it matches their Y-band dropout criteria.

This paper also contains small number of sources detected in the GOODS
field. We then have to use the pop III signatures given in Fig. [7.3Db] These
results are presented in Fig. [7.7] None of the objects in the Y{gs-dropout
sample satisfied our color criteria for pop III galaxies.

The sources that met our criteria are ERSz-2160041591 and
ERSz-2111644168 (their notation). They are located at RA 03:32:16.00, Dec
-27:41:59.1 and RA 03:32:29.53, Dec -27:42:04.4, respectively. These objects
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Figure 7.5: (a) The colors Yip5 — Ji25, Ji25 — Higo and zgs0 — Yip5 from the
zgso-dropout sample in [Bouwens et al.| (2011) in color-color diagrams. (b) Pop III
candidates.

are not detected in any other sample, nor do they satisfy the color criteria
in the 2z — Y vs. Y — J color plane. This does not make them unsuitable
candidates; they are however not as convincing as the other sources in our
final sample. ERSz-2160041591, ERSz-2111644168 and UDFy-39106493 are
therefore not included in the final sample.

7.2.2 McLure et al. (2011)

This paper contains a sample of high-redshift galaxies obtained from the
HUDFs (Hubble Ultra Deep Fields) and GOODS. The procedure of selecting
high-redshift sources is different compared to Bouwens et al| (2011). The
first step is to use a set of parameters in SExtractor (Source Extractor, a
program designed to find sources in an image using pixel counts) to ensure
detection in all relevant filters. Second, the uncertainties in the photometry
were estimated. Third, by using a code to fit the SEDs, it was possible to
estimate the photometric redshift of all the candidates. This code takes into
account e.g. star formation rate, dust reddening, metallicity and age. A
more detailed description of this code is found in McLure et al.| (2011)).

The first crude high-redshift catalog was obtained by only using sources
who statistically satisfied a photometric redshift exceeding z = 4.5. This
step excluded more than 90% of the original objects. The remaining sample
was then examined to reject all objects whose high-redshift signatures could
be explained by e.g. diffraction spikes.

To test the quality of the SED fits, the x?-method was used. The final
sample of sources was then obtained by retaining only those objects with SED
solutions which favored zphot > 6.0. Additionally, the secondary redshift
solution at lower z had to be excluded with at least 95% confidence. The
final criterion was that the integrated probability function exceeded 0.5 for
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Figure 7.6: Objects in the z ~ 8 sample from Bouwens et al.| (2011]).

the redshift interval 6 < z < 10, i.e.:

z=10
/ P(2)67 > 0.5. (7.6)
z=6

This strict approach of constraining the sample probably leads to true high-
redshift objects being rejected. However, it decreases the risk of including
low-redshift interlopers, hence it ensures a relatively clean catalog. The
result is a sample of 70 sources ranging from z = 6.0 to z = 8.7.

In Fig. the results from the UDF-catalog in McLure et al.| (2011)
are presented. It is clear from these plots that there is one candidate which
satisfy our criteria for both color-color planes (HUDF _2836). In Fig. [7.9the
objects from the GOODS field are plotted. In this sample, another candidate
met the criteria for our pop III galaxy signatures (ERS 9923). Both of these
objects are presented in Fig.

HUDF 2836

This candidate is located at RA 03:32:35.05 and Dec -27:47:25.8. The pho-
tometric redshift that McLure et al| (2011)) estimates for this object is be-
tween z = 5.97 and z = 6.43, while the secondary redshift obtained from
the y2-method is z ~ 2. It was possible to add Lyman-a radiation as a free
parameter in the redshift fitting. By doing this, it was possible to obtain
an alternative redshift where Lyman-« radiation is taken into account. This
value reaches 21y, = 6.51 for this candidate.
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Figure 7.8: (a) Color signatures the UDF-catalog in [McLure et al. (2011) (b)
Candidates in[McLure et al.| (2011)) that satisfy our pop III galaxy candidate criteria.
Green data points represent sources that meet the criteria in the Yig5 — Jio5 vs.
J125 — Higo color-color plane. Black data points correspond to objects that satisfy
our criteria in the zg50 — Y105 vs. Y105 — J125 plane.

The apparent magnitude for this object is m = 28.44 in the Yjgs-filter
which makes it viable candidate for follow-up spectroscopy with e.g. JWST.

ERS_ 9923

At RA 03:32:10.06 and Dec -27:47:22.6 this object is our best pop III galaxy
candidate so far. The photometric redshift without taking into account
Lyman-« radiation is 6.59. However, by adding it as a free parameter this
value increases to zry, = 7.59. In fact, this candidate only classifies as a
z > 6 object if Lyman-« is included in the fitting of the SED.

The best fit from Yggdrasil is a pop II1.1 or pop II1.2 galaxy with feoy =
0.5 and fese = 0.3 at z &~ 7.6, which coincides with the value estimated by
|McLure et al.| 42011[). The magnitude for this candidate is 26.82f8:%(7] in the
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Figure 7.9: (a) Color signatures the ERS-catalog in McLure et al| (2011) (b)
Candidates in McLure et al.| (2011]) that satisfy our pop III galaxy candidate criteria.
Green data points represent sources that meet the criteria in the Ypog — Jio5 vs.
J125 — Hygo color-color plane. Black data points correspond to objects that satisfy
our criteria in the zgsg — Yogs vs. Yoos — J125 plane.

Yygs-band. This relatively bright object makes it possible to observe and
perform spectroscopy.

HUDF _ 2324

In the sample from McLure et al.| (2011)), two objects met our color criteria
in both planes. However, by examining the coordinates of each object, it was
uncovered that the samples from the different articles treated in this study
can overlap. This is the case for HUDF 2324 in this sample; it corresponds
to UDFz-42406242 in Bouwens et al.| (2011). This object is located at RA
03:32:35.05 and Dec -27:47:25.8. The fact that it is included in different
samples with different criteria and still satisfies our color conditions makes
it a strong pop III candidate. McLure et al.| (2011) estimates the redshift
of this candidate to 6.18 < z < 6.60 while it enters the z ~ 7 regime in
Bouwens et al.| (2011).

The brightness for this objects is estimated to mj = 28.14+0.1 in

and mj = 28.55f8:%g in |McLure et a1.| (]2011D.

7.2.3 |Lorenzoni et al. (2011)

The high-redshift candidates from this paper are obtained by using the Ly-
man break technique. As this article concentrates on galaxies at z =~ 8 — 9
where the break occurs at A ~ 110004, they are collecting objects that show
a significant flux reduction in between Yig5/093 and Jis from both UDFs
and the ERS-field. The detection thresholds was set to 20.
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Figure 7.10: (a) The pop III candidate HUDF 2836. (b) The pop III candidate
ERS 9923 located in the GOODS field.

To exclude possible low-redshift contaminants Lorenzoni et al. (2011))
adopt color criteria which favor higher redshift galaxies:

(Y105 — J125) > 0.9 (7.7&)
(Y105 — J125) > 0.73(J125 — Hi60) + 0.9 (7.7b)
(J125 — Hlﬁo) < 1.5, (7.7(3)

for the HUDF-fields and

(Y()gs — Ji25) > 0.9 (7.8&)
(Y()gg — J125) > 0.64(J125 — H160) + 1.28 (7.8b)
(J125 — H160) < 0.8. (7.80)

To exclude as many of the possible low-redshifts contaminants that have
entered the sample due to photometric scatter, Lorenzoni et al.| (2011) put a
non-detection constraint in bsss, vgog and i775. Objects with > 20 detection
in any of these filters were rejected.

In Fig. the results from both the UDFs and ERS-fields are pre-
sented. As all objects are selected using in Egs. [7.7] and [7.8] we can only use
our color-criteria for the Y — J and J — H plane.

Fig. [7.11] shows that there are some objects that end up to the left of our
color criteria. These could be objects with extreme Lyman-« radiation as is
not likely that pop I/II galaxies have that extreme colors (Zackrisson et al.|
. Therefore, these objects are considered pop III galaxy candidates.
However, some of these extraordinary objects have extreme uncertainties,
and are therefore excluded from subsequent analysis. In the UDFs this con-
cerns P12.YD1 whose H-band magnitude was impossible to determine due
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Figure 7.11: The results from Lorenzoni et al.| (2011). (a) Left: All objects in the
HUDFs. Right: Possible pop IIT galaxies with their respective uncertainties. (b)
All galaxies in the ERS-field. Right: Objects of interest with their error estimates.

to the short exposure time (Lorenzoni et al., |2011)). In the ERS field this is
ERS.YD5 who only meet the color criteria from [Lorenzoni et al.| (2011) if
they only required 1o detection.

ERS 9041

One of the objects that occur to the left of the surface in Fig. also
appears in the sample generated by McLure et al. (2011)). In this diagram the
object appear to the left of the highlighted area, which could be indicative
a strong Lyman-a radiation. In|McLure et al. (2011) it is called ERS 9041
while in |Lorenzoni et al.| (2011) it is called ERS.YD1.

The source is located at RA 03:32:23.37 and Dec -27:43:26.5 and its
magnitude in the Jyo5-filter is 27.23“:8:(1)8. The most likely redshift according
to McLure et al.| (2011)) is 7.61 < z < 8.20. By taking into account Lyman-«
radiation the best SED fit gives 21y, = 8.16.

In fact, this candidate is so strong that a proposal for observing this
object will be submitted to ESO (European Southern Observatory).

7.2.4 [Finkelstein et al.| (2010)

This paper uses observations made by WFC3, ACS and Spitzer. Only objects
with > 20 detection in relevant filters were included in the sample. For each
object they determined the photometric redshift using the y?-method. From
this value it was possible to estimate the probability distribution function,

P(z) o exp(—x?%/2), (7.9)
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where [ P(z) = 1. Objects that did not satisfy

11
/ P(z)dz > 0.6 (7.10)
6

were excluded from the sample. In contrast to most other papers, [Finkelstein
et al.[(2010) do not use any color criteria based on the Lyman break or apply
non-detection constraints in the i775 or zg59 band. Instead, they are confident
that using all available filters (b435, V606, 1775, 2850, Y105, J125 and Hlﬁo) to
determine the photometric redshift will ensure a clean sample. Indeed, all
galaxies in the sample show no detection in by3s, vgpg Or i775 with signal-
to-noise ratio greater that 2 in all but one object. However, this could be
explained by a nearby galaxy that affects the magnitude in the i775-band.
Additionally, all objects harbor the significative Lyman break feature in both
Z850 — Y105 and Y105 — J125 colors.

In Fig. the results from this paper is presented.

Three of the objects satisfied our color criteria; 1445, 2013 and 653 (their
notation). As is the case with ERSz- 2160041591 and ERSz-2111644168
in Bouwens et al. (2011), these candidates do not appear within the color
criteria in any other sample, and will therefore not be included in the final
sample of this project.

7.2.5 |Wilkins et al.| (2011)

The authors of this paper make use of observations made by both ACS/WFC3
and GOODS. The first constraint they adopt for their sample is a Jj95 mag-
nitude cut. The reason for choosing this filter is that at z ~ 7 this band
shows no signatures of a Lyman break or Lyman-a radiation. The authors
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are interested in determining the rest-frame ultra-violet luminosity. A filter
that is not contaminated by emission lines or any other features is therefore
desirable. At the same time, they want the signal to be as strong as possi-
ble in this filter. Objects in the sample are therefore required to have a 7o
detection in Jyg5.

As many other surveys, the procedure to select high-redshift galaxies are
based on the colors of the objects. In this particular paper, the criteria are

(2850 — Y105) > 1.0 (7.11&)
(25850 — Y105) > 2.4(Y105 — J125> +04 (7.11b)
(Y105 — J125) < 1.0, (7.11C)

for the Hubble data and

(2850 — ngs) > 1.2 (7.12&)
(2850 — Yoos) > 0.9(Yo9s — Ji25) + 0.7 (7.12D)
(Yoos — J125) < 2.0, (7.12¢)

for the GOODS field. They emphasize that these constraints favor objects
with a red UV spectral slope which could indicate the presence of dust.

Through simulations, |Wilkins et al.| (2011) conclude that the contami-
nation fraction of the final sample is ~ 5% and these contaminants enter
the sample most likely through photometric scatter. They also explore the
possibility of objects being transient, e.g. supernovae. The images were in-
spected and one candidate was removed due to the suspicion of being such
an object. This resulted in a final sample of 34 objects in the Hubble data
and 11 candidates in the GOODS field.

After processing the sample from Wilkins et al.| (2011), a number of
objects were found that matched our color criteria. However, they are not as
strong candidates as some of the other sources. The objects in this sample
satisfy the color conditions in one plane, but not the other. As previously
explained, this does not make them “weak” candidates; they are just not as
strong as some of the other sources. Due to this, they will not be included
in the final sample of this work.

7.3 CLASH survey

The second part of this thesis is to search for pop III galaxies using galaxy
clusters as gravitational lenses. The data is collected from the CLASH
website (http://archive.stsci.edu/prepds/clash/). As the survey is gather-
ing data during the course of this thesis, only six of the 25 scheduled clusters
have been made accessible for the public.

The results from the catalogs generated by CLASH are compared to
catalogs created by Lucia Guatia (postdoc at Stockholm University). These
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catalogs are prepared in a different way compared to CLASH. By using the
SExtractor with different input parameters she has generated catalogs with
varying conditions of object detection.

In addition to this, one of the clusters that have not yet been released will
also be processed. This is MACS0717.5+3745; it is of interest since it has
the largest Einstein radius (6g = 55” £+ 3”) of all the CLASH-clusters. The
mass distribution of this cluster is relatively shallow which further enhance
the area with high magnification. Zitrin et al|(2009) estimate that the area
which has a larger magnification than p = 10 is 3.5 arcmin?.

In the following subsections we will process each of the clusters and dis-
cuss the candidates obtained from them.

The additional catalogs has been generated by using different constraints
and input parameters. As a result of this, 10 catalogs have been created for
each cluster with different conditions. Below, we discuss the different cases.

e (lase A. This catalog is optimized for detecting point sources. The
flux of the source must be detected with a significance of at least 2
standard deviations.

e (lase B. Since objects that are magnified by a gravitational lens may be
distorted, e.g. arcs, we need a script to search for those. This case does
exactly that. By allowing objects with a higher number of continuos
pixels to be included in the sample, these objects are detected. As the
lensed arcs may be faint, the detection threshold is lower than in case

Al

e (lase C. This catalog is similar to case B, but the arcs are allowed to
be even longer.

e (lase D. The largest and faintest objects are collected in this case. The
number of continuos pixels are allowed to be 100 and the detection
threshold is set to 0.3 standard deviations.

e (Case NEW. This case tries to separate all possible sources, including
objects that appear close to bright sources e.g. a cluster galaxy. To do
this, SExtractor can “de-blend” the sources, i.e. separate them from
each other. By using this input it is possible that it sometimes treats
faint arcs as many different sources. It is therefore important to inspect
all candidates.

These different cases are used for both the Yi95- and Jy95-bands, result-
ing in 10 different catalogs for each galaxy cluster. As these cases are not
exclusive some objects may appear in more than one catalog; it is therefore
important to check possible candidates if they appear in more than one data
set for each cluster.

31



7.3 CLASH survey 7 RESULTS

7.3.1 Abell 383

This cluster is located at z = 0.187 at RA 02:48:03.36, Dec -03:31:44.7,
and is one of the clusters selected using X-ray radiation. It was the first
galaxy cluster observed by CLASH and the observations took place between
November 2010 and March 2011. The sample generated by CLASH contains
2857 sources.

To find suitable candidates we want to constrain the data set. The first
condition we apply is that we require the object to be detected in all relevant
filters with at least 5o significance. This includes all filters in the color-color
diagrams except for the bluest filter. As z-band dropouts are expected to
have a significantly reduced signal in this filter, we do not require a 5o
detection here. The color for objects with lower detection significance is
only a lower limit.

As CLASH observes a cluster at different times with different filters, the
field of view (FoV) might change between filters. As a result of this, some
objects lie outside the FoV for one filter but not the others.

In Fig. [7I3] all the objects that satisfied our color criteria are plotted.
Some of the sources was located to the left of the marked area in the Y — J
vs. J — H plane, which can indicate a zero-metallicity galaxy with strong
Lyman-«a radiation. However, these objects could be excluded since their
color signatures could be explained by either diffraction spikes or edge effects.

Further, we apply a non-detection constraint in the optical filters since
we do not expect any flux in this wavelength area for Y- or z-band dropouts.
Sources that are detected here could be spurious and are therefore rejected
from the sample.

All sources that were not detected in any optical filter were then scruti-
nized to ensure that they were not located e.g. in diffraction spikes.

After constraining the sample, one source satisfied all our conditions.
This is an object that is located at RA 02:48:02.16 and Dec -03:32:39.12. One
of the output parameters in the CLASH data set is an estimation of the most
likely photometric redshift. For this object that value is zpno = 1.74. This
could be due to that the colors of this candidate does not meet the classical
dropout criteria established by Bouwens et al.| (2011). This candidate will
be called A383-1 for the remainder of this thesis.

A second candidate to the left of the marked area did also appear. As
this in an implication of a pop III candidate with strong Lyman-« radiation,
this object is not rejected, and will be called A383-2.

Now, we want to compare the results from this sample to the alterna-
tive catalogs. In these data sets we are using the same constraints to get
comparable samples. A383-1 does not appear in any of the other catalogs.
However, other interesting sources appear. For instance is A383-2 not only
detected, but it also satisfies the criteria for pop III candidates.

As many as 23 additional sources met our color criteria from this galaxy
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Figure 7.13: All objects that satisfied our color criteria in the sample obtained
using the galaxy cluster Abell 383 as a gravitational lens. The blue data points
represent objects which are located in diffraction spikes or very close to the edge
of the FoV. These locations most likely affect the colors of the object, leading to
an uncertain pop III candidate. The data points in magenta are sources detected
with a 5o detection significance in at least one of the optical bands.

cluster, and 22 of them were found in the Y — J vs. J — H color plane. Nine
of the pop III candidates are presented in Fig. [7.14]

To avoid too many plots of all the different candidates the results are
presented in Table [3] The fifth column show the most probable redshift of
the object according to CLASH. If the source is not detected in their catalog,
no estimate is given.

Of all the possible pop III candidates, only one has a likely redshift
larger than 2, and that is A383-3 with zpnoe = 7.34. Furthermore, one
of the candidates, A383-2, appear in both the CLASH catalog as well as
the additional data sets. The fact that this objects satisfies the conditions
for both cases strengthens its position as a pop III candidate. The most
probable redshift for A383-2 is zpnet = 0.96. The reason could be that even
if the colors qualifies it as a classical dropout according to e.g.
(2011)), they also match the criteria for being an L or T dwarf star (Knapp|
et al. |2004)), see Bouwens et al.| (2011) for diagrams. However, even though
this could be an interloper, it still satisfies our criteria in more than one data
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Candidate 2850 — Y105 Yios — Ji2s  Ji2s — Hieo Zphot
(if applicable) (if applicable)

A383-1 > —0.23 0.38+0.20 —0.50+0.21 1.74
A383-2¢ - 0.70+0.05 —1.11£0.09 0.96
A383-3 > —0.18 0.56 £0.08 —0.75+0.11 7.34
A383-4 > —0.43 0.53+0.18 —0.61+£0.23 1.73
A383-5 > 0.59 0.48 +0.07 —0.65=+0.09 0.90
A383-6 > —0.28 0.26 +0.17 —0.48+£0.23 -
A383-7 > 0.69 0.19+0.07 —0.44 £0.09 0.90
A383-8 > —0.34 0.16 £0.20 —-0.57+£0.33 -
A383-9 > 0.01 —0.04 £0.15 —-0.48£0.23 -
A383-10 > —0.17 0.24+£0.15 —0.86 £0.27 -
A383-11 > 0.09 0.324+0.12 0.43 +0.16 1.57
A383-12 > —0.11 0.58 +0.12 —0.63 £0.15 1.76
A383-13 > —0.13 0.13+0.15 —0.59+0.24 1.09
A383-14 > —0.30 0.10 £0.17 —0.54 £0.25 -
A383-15b > 0.82 —0.444+£0.05 0.31 +=0.06 1.34
A383-16 > —0.57 0.354+0.20 —0.50+0.23 1.76
A383-17 > 0.63 0.27+0.07 —0.43+£0.09 -
A383-18 > —0.32 0.24 +0.16 —0.46 £0.22 1.59
A383-19 > —0.25 0.20+0.16 —0.48£0.22 -
A383-20 > 0.63 0.27+0.07 —0.43+£0.09 1.77
A383-21 > —0.38 0.55+0.16 —0.57+0.20 1.73
A383-22 > —0.12 0.52+0.07 —0.56 £0.09 -
A383-23 > 0.49 —0.05+£0.100 —-0.68+0.18 0.48
A383-24 > —0.51 0.68+0.17 —0.84 +0.24 -
A383-25 > —0.39 0.324+0.17 —0.59+0.25 1.66

Table 3: All the candidates in Abell 383 from both the CLASH sample and the

alternative data sets.

¢ In the zgso-band, the source is outside the FoV. Hence, no estimate of the mag-

nitude in that filter is possible.

*This candidate met the criteria in the z — Y vs. Y — J diagram.
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Figure 7.14: Nine of the pop III candidates obtained from the catalogs from the
galaxy cluster Abell 383.

catalog with different constraints, which makes it an intriguing source.

A383-2 and A383-3 are therefore the strongest candidates in this cluster
and follow-up spectroscopy of these objects could either confirm or reject
them as reliable pop III galaxy candidates.

7.3.2 Abell 2261

This cluster is located at RA 17:22:27.25 and Dec +32:07:58.6 at a redshift
of z =0.224. Tt was observed from March to May 2011.

The CLASH sample contains 2127 objects and 13 of them met our criteria
in either Y —J vs J— H or z—Y vs. Y — J criteria. However, 12 of them
were excluded due to detection in at least one of the optical bands. The last
possible candidate was found to be located in a spike from a nearby star and
was therefore rejected.

In the alternative catalogs, however, 2 possible pop III galaxy candidates
were uncovered. Fig. shows their placements in the color diagrams.
The candidate in Fig. also meet the criteria in case C in Yjg5, while
the candidate in Fig. satisfies the conditions for both case B and D
in Jy95. In this thesis these candidates will be referred to as A2261-1 and
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Figure 7.15: (a) A2261-1 in the Y — J vs. J — H plane. This plot represent the
colors in case B obtained from the Yjgp5-band. (b) A2261-2 from in case B in Jio5.

A2261-2, respectively.

A2261-1 is not detected in the CLASH catalog, but A2261-2 is. However,
by using the magnitudes given in that sample, the colors do not meet our
criteria, even if the data point lies just outside the marked surface. The most
probable redshift for this candidate is zpnot = 6.52 according to CLASH. This
makes this source an interesting candidate.

7.3.3 MACS 1149

MACS 1149 is a galaxy cluster that was selected due to its suitability as a
gravitational lens. It is located at redshift z = 0.544 at RA 11:49:35.86 and
Dec +22:23:55.0. It was observed between December 2010 and March 2011.
The final sample contains 2355 objects.

However, even if this cluster has a high magnification, no object that
satisfied our conditions were found in the CLASH catalog.

By examining the other data sets for this cluster no additional candidates
were found; 17 sources matched our color criteria but all of them could be
excluded due to detection in optical bands or diffraction spikes.
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Figure 7.16: Objects that met our criteria in the MACS 1206 sample obtained
from CLASH.

7.3.4 MACS 1206

MACS 1206 was selected using X-ray observations. It is situated at RA
12:06:12.28 and Dec -08:48:02.4 and has z = 0.440. The sample catalog
generated by CLASH contains 2202 objects.

After applying our constraints on the objects, two sources that meet our
criteria in the Y — J vs. J — H plane are left. These are presented in Fig.
(.10l

The candidate with Y — J = 0.4 will, for the remainder of this thesis, be
referred to as M1206-1 and the other M1206-2. The most likely redshifts for
these objects according to CLASH is z = 1.59 and z = 6.30, respectively.

By exploring the additional data sets, M1206-2 was detected in case
NEW in the Jyss-band. In this catalog the candidates also satisfied the
color-criteria, further strengthening its status as a reliable pop III galaxy
candidate.

A third candidate in this cluster was also uncovered in case B and D
in Jyos; it will be noted as M1206-3. This objects is also detected in the
CLASH-catalog but end up outside the color criteria. However, the most
likely redshift for this object is z = 6.38 according to CLASH estimates.
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Figure 7.17: Objects that satisfied our color criteria from the RXJ 1347 data
catalog generated by CLASH.

7.3.5 RXJ 1347

Located at RA 13:47:30.59 and Dec -11:45:10.1 with a redshift of z = 0.451,
this is one of the X-ray selected galaxy clusters. The observations took place
between April and July of 2011. The data set generated by CLASH contains
2102 objects.

The conditions that we applied to the data set constrained the catalog to
two possible pop III galaxy candidates in the Y — J vs. J — H color plane.
These are presented in Fig. [7.17] One of these candidates are located outside
the marked surface in the color-color plane. However, as mentioned previ-
ously, this location could indicate a non-metallicity objects with a strong
Lyman-« radiation. It is therefore kept as a viable candidate.

The source that met our criteria will be called RXJ-1 and the object to
the left of the area will be referred to as RXJ-2. The most likely redshift for
RXJ-1 is z = 6.33 while the corresponding value for RXJ-2 is z = 6.62.

The additional catalogs are also narrowed down to two objects, and it
just happens to be both RXJ-1 and RXJ-2. RXJ-2 is detected in case B
in the Jis5-band and RXJ-1 is detected in both case A and NEW in the
same filter. The fact that both CLASH and the additional catalogs give the
same candidates further strengthen their status as pop III galaxy candidates.
However, after a closer inspection of RXJ-1 it was revealed that it seems to
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Figure 7.18: Objects that satisfied our color criteria from the MACS 2129 catalog
generated by CLASH. The colors of the data points represent the same thing as in
previous diagrams.

be one of two interacting galaxies which can explain the extreme colors.
RXJ-1 was therefore excluded from the final sample.

7.3.6 MACS 2129

This galaxy cluster is located at a redshift of z = 0.570 at RA 21:29:26.06
and Dec -07:41:28.8. It is one of the clusters that have been selected due to
its high magnification. The observations took place between May and July
in 2011 and the final catalog created by CLASH contains 2146 sources.

After applying the same conditions as for the other data sets, we were
left with two candidates in the Y — J vs. J — H plane. Their locations in
this plot are displayed in Fig. [7.18]

The candidate with the largest value of Y — J will be referred to as
M2129-1 while the second candidate will be denoted M2129-2. The most
likely redshift for M2129-1 is z = 1.59 while the corresponding value for
M2129-2 is z = 0.93, according to CLASH. The reason for their low values
could be that they are not classified as classical dropouts (e.g. Bouwens et al.|
2011)).

When studying the additional catalogs, three further candidates were
discovered. In Fig. two of them are presented. The candidate in the
Y — J vs. J — H plane will be referred to as M2129-3 while the one in the
z—Y vs. Y — J diagram will have the notation M2129-4. M2129-4 was also
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Figure 7.19: M2129-3 and M2129-4 in their respective color-color diagram.

detected in case B and C in the Jyg5-band.

M2129-3 is detected in CLASH but end up outside our color criteria.
Additionally, they estimate the most likely redshift to be z = 0.81. It is the
same case for the other candidate, M2129-4; it is detected in their survey
but does not satisfy our conditions and the most likely redshift is z = 0.65.

A third source, M2129-5, met our color criteria in the additional catalogs.
It is detected in the Y — J vs. J — H plane and is plotted in Fig. [7.20] This
object does not occur in the CLASH data set.

7.3.7 MACS 0717

The final cluster is one of the high magnification clusters. It is located
at RA 07:17:31.65 and Dec +37:45:18.5 with a redshift of z = 0.548. The
observations of this galaxy cluster took place between August and September
of 2011. However, the data from CLASH is not yet accessible for the public;
it will be released in July 2012, at the earliest. Due to this, we only have
the alternative data sets at hand.

Four possible candidates were uncovered in the catalogs, where three of
them were found in the same set. These are presented in Fig. [7.2I] From
top to bottom, their notations are M0717-1, M0717-2 and M0717-3. M0717-3
appears in three other catalogs, while M0717-1 and M0717-2 only occur in
this one.

Apart from the three sources detected in case NEW in the Jyo5-filter, a
fourth object was found in another data set. M0717-4 in case NEW in the
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Yios-filter is shown in Fig.

8 Summary

As galaxies at high redshift are expected to show a break at the Lyman-«
wavelength, 1216 A, the fluxes in two neighboring filters can vary significantly
if this break occurs in one of them. The colors obtained from using these
filters may then be more extreme than for low-redshift objects. By using this
feature in the spectrum it is possible to construct distinguishable conditions
for galaxies at high redshift.

However, as we are searching for pop III galaxies in this survey, it is
not sufficient to only find the characteristics of high-redshift galaxies. It is
equally important to find distinct features of pop III galaxies.

To determine the colors of zero-metallicity high redshift galaxies, we use
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Figure 7.22: MO0717-4 0
in case NEW in the Y7g5-
band. The candidate 0oL .
at the lower end of the -1 -05 0
marked area is M0717-3. J125'H160

the program Yggdrasil, a spectral synthesis code which predicts e.g. the
magnitudes for different types of galaxies. This code can not only handle
different metallicities, but also age, extinction, Lyman-« radiation etc. By
using this code with a variety of input parameters we have managed to find
unique areas in color-color diagrams that exclusively harbor pop III galaxies
at high redshift.

The results originate partly from published samples of high-redshift galax-
ies obtained from UDFs. The galaxies were identified by using the significa-
tive Lyman break and a number of them matched the color criteria derived
from Yggdrasil. As two of them satisfied our criteria in more than one color-
color plane these are considered stronger candidates. Additionally, two other
sources were not only identified in more than paper, but also met our color
criteria. Hence, these are also considered relatively strong candidates.

As galaxy clusters are very massive they provide us with an excellent
tool for observing the high-redshift universe. Light that travels through the
cluster is deflected by the massive object. As a results of this, the area behind
the cluster is magnified and the fluxes of background objects are boosted,
allowing objects that are intrinsically faint to be observed.

CLASH is currently observing 25 galaxy clusters in 16 different filters in
search for e.g. high-redshift objects. At the start of this thesis, data from
six of these clusters had been released to the public and these catalogs were
processed to find viable candidates. To increase the possibility of finding
pop III candidates, additional catalogs were generated by Lucia Guatia at
Stockholm University, to possibly confirm reliable candidates and discover
additional objects. These catalogs were created using different detection
conditions to ensure a complete data set. Objects that are gravitationally
lensed can have different appearances; they can be faint arcs of different sizes.
The catalogs are therefore designed to favor different shapes and brightnesses
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Candidate RA Dec 2850 — Y105/098 Y105 — J125 Ji2s — Higo
(J2000) (J2000) (if applicable)

HUDF_2836° 03:32:35.05  -27:47:25.8 0.5915-2° —0.4819-59 —0.0719:59
ERS_9923%"  03:32:29.69  -27:45:22.6 >1.10 —0.54705% 0.071932
HUDF_2324%  03:32:41.60  -27:47:04.5 0.7975-39 —0.1615-27 —0.207059
ERS_9041%Y  03:32:23.37  -2T:43:26.5 - >1.25 —0.687039
A383-2b¢ 02:48:02.54  -03:32:12.69 - 0.70£0.05  —1.11+0.09
A383-3° 02:48:02.14  -03:32:39.28 > —0.18 0.56 £0.08  —0.75+0.11
A2261-2¢ 17:22:24.15  32:07:27.63 > —0.036 —0.054£0.13  —0.21+0.19
M1206-2¢ 12:06:17.09  -08:48:11.35 > —0.37 0124024  —0.52+0.32
M1206-3 12:06:10.01  -08:48:44.12  0.53 +£0.34 0.05+£0.15  —0.08£0.15
RXJ-2° 13:47:31.76  -11:44:31.86 > —0.29 0.124£0.12  —0.90£0.21
MO717-3 07:17:38.18  37:45:16.88  —0.11£0.19 0.01+£0.09  —0.43+0.11

Table 4: The strongest candidates from both the UDFs and the lensed fields.
¢Candidates where the Yygs-filter has been used.

®Candidates which are considered classical dropouts (Bouwens et al., [2011; Wilkins
et al. [2011)).

¢Sources which are considered pop III galaxy candidates in both the CLASH cata-
logs and the additional data sets.

of the detected objects.

After applying our constraints and color criteria, we discovered a number
of candidate objects. These were then inspected to make sure that their
signatures could not be explained by e.g. diffraction spikes or edge effects.
We were then left with a sample of reliable pop III galaxy candidates and
their details and properties are presented in Table [4] with their coordinates
and colors. In Figs. and images of the candidates in all relevant
filters are presented.

9 Discussion

Using color signatures is a relatively uncomplicated way of finding pop III
galaxy candidates. However, it is important to account for all different con-
ditions a galaxy of this type can harbor. Throughout this thesis we have
assumed that all stars in the galaxy were formed at one time, i.e. an in-
stantaneous burst, even if the best approximation would have been that the
galaxy had experienced a continuos star formation rate. However, taking this
into account would significantly increase the time spent on the construction
of the color criteria.

From Fig. we see that the resulting color criteria generated by Yg-
gdrasil are not entirely within the borders of classical dropouts (Bouwens
et al.; 2011; [Wilkins et al.,|2011)). Generally, the pop III galaxies with strong
Lyman-«a radiation have to be located at a higher redshift to satisfy the clas-
sical dropout conditions. As a result of this, only applying the conditions
given in the papers might lead to excluding true pop III galaxy candidates.
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(d) ERS_9041

Figure 8.1: Thumbnails (3" x 3”) of the candidates obtained using UDFs. The

filters are, from left to right, zgs0, Y105/008, J125 and Higo. Credit:
(2011)).

N N N

(a) A383-2
T .
2l g
(c) A2261-2 (d) M1206-2
b - o
l;! . il - ¥ - .. -
(e) M1206-3 (f) RXJ-2
1 . .
'. - -: L]
(g) MO717-3

Figure 8.2: Thumbnails (1” x 1”) of candidates obtained from the gravitationally
lensed fields. The filter are, from left to I'lght, 2850 Yio5, J125 and H160.
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Using the conditions generated by Yggdrasil, one could extend the sample
of pop III galaxy candidates. Finding objects that satisfy both the classical
dropout criteria as well as meeting the conditions generated in this thesis
would therefore be strong pop III galaxy candidates. When constructing the
color criteria for pop III galaxies we only used the evolutionary tracks for
high-redshifts as they are expected to be located at z > 6. However, it is
possible that lower redshift objects have similar colors and therefore enter
the sample. For instance may L and T dwarfs meet the classical dropout
criteria in the Y195 — J125 vs. Ji25 — Higo plane (Knapp et al.| [2004; Bouwens
et al., 2011) and it is important to be cautious with sources meeting these
conditions.

Worth noticing is that in this thesis we have assumed that pop III galaxies
consist solely of pop III stars. However, it is possible that these galaxies may
harbor more chemically advanced stars, i.e. pop I/II stars (Stiavelli & Trenti,
2010), which can alter the observed overall spectrum. Additionally, the IMF
of the stars in the early universe is currently uncertain; it may favor less
massive stars than what is currently believed (e.g. [Stacy et al., [2010)). If this
is the case, it will impact the observable signatures of pop III galaxies. In
this thesis, however, we have used different types of IMFs to account for this
possibility.

The conditions of our color criteria are related to the redshift and each
pop IIl-region in the color-color diagrams range over different redshifts. How-
ever, these redshift spans overlap. Finding objects that satisfy both color
conditions would therefore make strong candidates. Objects that only meet
the criteria in one of the diagrams are not necessarily “bad” candidates; they
are just not as strong as sources in both. The redshifts of the objects that
meet the criteria in both planes can be estimated using three (instead of two)
colors with the evolutionary tracks provided by Yggdrasil. If the values of
these redshift estimates match, it is a suitable high-redshift pop III galaxy
candidate.

Some of the objects that meet our color criteria are detected in both the
catalog that CLASH generated as well as in one or more of the additional
data sets. Of course, detection in more that one catalog improve the chances
of it actually being a pop III galaxy and not an interloper. However, as
the catalogs are using different constraints to construct a sample, an object
which is detected in the CLASH catalog but not in any other does not have
to be a questionable candidate. As described in Sect. the additional
catalogs are designed to detect different types of objects. A source that has
been distorted to an arc by gravitational lensing is more likely to be detected
in case B, C or D than case A.

As the data catalogs from CLASH are being released continuously, pro-
cessing the data sets as they are released will probably result in more pop
IIT galaxy candidates. As the current highest redshift detection of a galaxy
(Lehnert et al., [2010)) is being questioned, perhaps it is possible to find ob-
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9 DISCUSSION

jects that break the highest redshift record.

Using color signatures as a way of discovering high-redshift pop I1I galaxy
candidates is a relatively straightforward technique, but the discovered ob-
jects remain candidates. To confirm their high redshift, it is necessary to
be able perform spectroscopy. As some of the candidates in this thesis are
bright enough, it is our hopes that at least one will be confirmed as a high
redshift object.
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