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Abstract

I study Lyman-« emission from high-redshift galaxies using the high-resolution smoothed
particle hydrodynamics (SPH) galaxy simulation "Ponos" at redshift z = 6.5. The fo-
cus of my study is the luminosity from hydrogen recombination and the corresponding
surface brightness.

I calculate an intrinsic luminosity for the galaxy using parameters from the sim-
ulation; as well as a self-shielding scheme that neutralizes all gas where temperature
T < 10*K and hydrogen number density ng > 0.1cm™3. The data is then interpolated
onto a grid, where I apply ionization from active galactic nuclei and radiating stars.

I make some general observations and calculations about the galaxy simulation as
a whole, before reducing my study to a 50 x 50 x 50kpc box around the main dark
matter halo in order to do more detailed observations of the area encompassed by
and immediately surrounding its 21.97 kpc virial radius. The final Lyman-« luminosity
found in this area is 7.68 x 1043 erg s~'. The emission is sent through a scattering scheme
in order to give a more realistic image of the galaxy. Finally I make Lyman-«a surface
brightness maps, surface brightness profiles and spectra as seen from six directions.
The scattering smears out the Lyman-a radiation, giving larger and more extended
maps, better representing observations. The accompanying spectra shows peaks at
blue- and redshifted wavelengths. Doppler shifted photons have a smaller chance of
scattering, making them more likely to escape. The high values in the center of the
spectra represents scattering in the less dense outskirts of the galaxy.

I make comparisons to galaxies at redshifts 5 < z < 6, as well as to giant Lyman-«
nebulae. The findings are that the surface brightness profile is around two orders of
magnitude larger than for typical galaxies at similar redshifts, and more akin in values
to the observed superluminous Lyman-a nebulae.

My findings indicate that the main reason of this high luminosity is the large star
formation rate of 42.41 M yr~!. This is the result of an ongoing starburst, starting
approximately 150 million years before redshift z = 6.5. I postulate two possible reasons
for this starburst: i) it is due to lack of feedback from the AGN, or ii) the simulation is
experiencing a galaxy. The latter is the most likely due to the main galaxy’s proximity
to another galaxy.
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Chapter 1

Introduction

A long time ago, in a simulated galaxy far far away...

In the present day, galaxy simulations is one of the prime ways to study galaxy
formation and properties. For my master’s degree in astronomy, I have been analysing
the Ponos high-redshift simulation. This simulation was performed using the smoothed
particle hydrodynamics (SPH) code GASOLINE, which uses a particle-based system to
study the galaxy.

Lyman-alpha radiation, hereafter shortened to Lyq, is the most abundant radiation
of those emitted by hydrogen atoms. This makes it an excellent probe for the early
Universe, as the Ly« lines from that time are still quite strong. Since the early Universe
consisted mostly of hydrogen, with a relatively low amount of dust and metals, Ly«
radiation is thought to give an accurate image of galaxies. This goes especially for the
early galaxies, whose gas consisted almost exclusively of the Lya-emitting kind.

Lya can be found practically everywhere in the Universe. The two main sources
are interstellar nebulae in galaxies themselves, as well as gas around and in between
galaxies. These are called interstellar- and circumgalactic media, and will from here
and out be shortened to ISM and CGM. Ly« photons are made when an ionizing source
- often light emitted from stars - ionizes these gas pockets. Portions of the gas will then
recombine and emit Lya photons.

In this thesis I look at the mechanisms behind the Ly« radiation, as well as its
sources. Then I replicate this numerically, to calculate Lya emission from the Ponos
simulation. This forms a model for Ly« emission from numerical galaxies made with
smoothed particle hydrodynamics. The goal is to see whether my results are comparable
to the observed data from similar high-redshift galaxies, and thus test the realism of
my model and the original simulation itself.

Beyond the introduction, this thesis has four more sections. In the theory sections I
discuss the mechanism behind Ly« creation and radiative transfer, as well as its sources.
I also look at early galaxies as a whole, how they form, and how ionization from stars
and active galactic nuclei (AGN) affect the Lya generation.

In the methods section I look at the numerical methods used, the different program-
ming schemes, formulae and approximations. I also give an introduction to the Ponos
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simulation.

Thereafter I present my results. These include the Ly« emission, surface brightness,
distribution of hydrogen based on temperature and density as well as Ly« radiative
transfer. I include the intrinsic properties of various galaxy parameters as well as
the Lya luminosity, how the luminosity looks after I have made approximations and
ionisations, and the radiative transfer. I will also look at how the Ly« luminosity differ
based on the resolution used.

Finally discuss my findings and results. 1 will talk about the resolution, self-
shielding, ionization from internal sources and what the radiative transfer does to the
Lya luminosity. I then conclude with the main findings, and suggest future work that
can be done in the field.



Chapter 2

Theory

2.1 Early Galaxies

The following section is based on the book The First Galazies in the Universe by
Abraham Loeb and Steven R. Furlanetto; and from the course I had in extragalactic
astronomy, lectured by Sijing Shen.

In this thesis I look at high-redshift galaxies. This is synonymous with galaxies
that existed in the early Universe. These galaxies are notable for several reasons, the
arguable main reason that they can be considered more "pure" than later galaxies. This
means having very low metal contents and mostly consisting of hydrogen and helium.
While this in a way rings true for all galaxies, the early ones have experienced far fewer
supernovae and neutron star collisions that would create and distribute these heavier
elements.

First and foremost, one may ask the question: what is a galaxy? In simple terms,
a galaxy is a collection of matter, bound together by gravity. Unlike intergalactic gas
clouds, a galaxy is a distinct gathering of materials, much denser than the clouds. The
three main "ingredients" of a galaxy is dark matter, gas and stars. Other commonly
found objects are planets and dust, but planet masses are negligible compared to stars,
and in the early galaxies the dust is minimal. Therefore I will focus on dark matter,
gas and stars.

Let us look at a sample very early Universe consisting of dark matter and gas. This
will be mostly uniform, but here and there a density perturbation will happen, which,
if large enough, can lead to structure formation. A galaxy forms when dark matter
gathers in an area, and then collapses due to its own gravity. The mass of this structure
is called the "virial mass", and resides within the "virial radius". The matter within and
close to this virial radius is what I will look at in this project. The force counteracting
this collapse is the very expansion of the Universe itself. The Universe expands in all
points of space, and acts as a force pushing particles apart, while their gravity pulls
them together. If the gravity proves stronger, we will gain a dark matter halo; a stable
structure with strong enough gravitational pull that the expansion of the Universe will
not push it apart.
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The gas in the Universe interacts gravitationally with the dark matter, it will be
pulled into the virial radius along with the dark matter. Unlike the dark matter, gas
is subject to hydrodynamic forces. It interacts with itself, and the particles will exert
pressure onto one another. This pressure is higher the warmer the gas is, so too high
temperatures will prevent the gas cloud from collapsing into the halo. However, if the
gas cools enough, it will collapse, and we will have a galaxy consisting of dark matter
and gas. The mass required for gas, or baryonic matter, to collapse is called the Jeans
mass (after British physicist Sir James Jeans).

So, essentially, we have warm gas that is losing energy due to radiating it away.
While gravity pulls the gas together, gas pressure and radiation from itself will push it
apart. If gravity wins this tug of war, and the gas becomes cold enough, it will clump
together and make a star forming region.

Now we have gas concentrated in a relatively small zone, along with dark matter.
If parts of this gas cools even further, the Jeans mass of the gas filaments will continue
to decrease. When it reaches the mass scale of a singular star, things start happening.

If we look at galaxies like our own milky way, the interstellar medium (ISM) will
have an abundancy of heavy elements such as carbon and oxygen. For the formation of
the first stars, however, these heavy elements did not yet exist. The galaxies consisted
almost exclusively of hydrogen and helium. As the temperature cools down to T =
10* K, the atoms lose energy, collisions are weaker and single-atom hydrogen does not
emit radiation. This leaves it unable to cool further, and get cold enough to collapse
into stars. However, we also had molecular hydrogen, that is, hydrogen atoms that
had bound together to form molecules. Even though on a cosmic scale this molecular
hydrogen was negligible compared to atomic hydrogen, it was still sufficiently enough
electrons in the star forming gas to catalyse the Hs and cool it down to earth-like
temperatures. All in all, this was enough to make the gas cold enough to form the first
stars.

I am skipping over a lot of details here. Star formation is a field in itself, that I
will not delve further into. However, now that the gas was cool enough to form stars,
these first, simple stars created metals. These metals allows for gas cooling down to
well below 10 K, which lets the next generation of star formation create lower-mass
stars. These new, smaller stars are of the same type we see in galaxies today; like our
own sun.

2.2 Lyman-Alpha Radiation

Lyman-alpha radiation, or Ly« for short, is one of the most abundant kinds radiation
in the Universe. The main source of the radiation is recombination of hydrogen. In
1967, Partridge & Peebles [11] predicted that the Ly« line could be a way to find star-
forming galaxies at very large distances. This is based on the assumption that young,
new stars would emit a huge abundance of ionizing photons, in which most would be
reprocessed into recombination lines. Due to the nature of the interstellar medium,
consisting mostly of hydrogen gas, most of the recombination lines should be Lya lines.
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Table 2.1: List of the spectrographic notation of the first four orbital quantum numbers.

Orbital number [ Letter
0 S

1 p
2 d
3 f

This has been proven during the last two decades, and as per 2015, we have been able
to observe Ly« emitting galaxies of up to redshift z = 8.68 [12].

Ly« transition has also been extremely useful in observational cosmology. Studies of
the Lya forest in quasar spectra has allowed us to very accurately measure the matter
distribution throughout the Universe. The Ly« forest is a very useful observational
tool for the parts of cosmology on scales that are not viewable through galaxy surveys
and/or Cosmic microwave background (CMB) radiation.

So why is Ly« radiation so abundant? First and foremost, the primary source of Ly«
radiation is recombination of hydrogen. Since hydrogen is by far the most abundant
gas in the Universe, and is relatively easy to ionize, it stands to reason that radiation
from hydrogen transitions should be common.

To study how we get Lya radiation from hydrogen, we look at the radiative transfer
mechanisms.

2.3 Radiative Transfer

This section is based on Physics of Lya Radiative Transfer by Mark Dijkstra (2017) [1].

2.3.1 Radiative Hydrogen Transitions

In order to fully understand the Lya emitting sources we need to study radiative trans-
fer. We need to look at the quantum physics of electron levels.

In quantum mechanics, an electron is described by a wave function ¢ (r). This wave
function describes the probability of finding the electron in location r. Without going
into further detail as to the physics behind the wave function, what is important to
us are that this function is fully characterized by two quantum numbers: the principal
quantum number n and the orbital quantum number [, where [ is limited by only being
able to take the values 1 =0,1,2,...,n — 1.

Classically, to describe a state, one uses a combination of the quantum numbers,
with the syntax (n,l). T am changing the syntax a bit, so the | portion will be given
a different notation - the "spectroscopic notation", as shown in table 2.1. This means
n = 1 can only have [ = 0, and the notation would thus be the "1s"-state. Similarly,
for the second energy level, the electron can exist in the "2s"- and "2p"-states.
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increasing orbital quantum number

45 | 4F
h
28 o
? — cascades resulting in Lya
5 - cascades not resulting in Lya
50
g
2 Lyo P(n, = ... = Lya)
E 1 2 3 4
- 3P ] 0 0 1 0,58
p - 1 0 0,26
d - - 1 0,74
18 M « = |

Figure 2.1: The Lya cascade, illustrated. Adapted from [1].

When an electron goes to a lower energy level in an atom, it will release the energy
in form of a photon. The energy lost, and thus wavelength of the photon, changes
based on the starting and ending levels of the drop. This drop, or transition, is given
a different name based on the principal quantum numbers involved. When an electron
de-excites to n = 1, we get the Lyman series. De-excitation to n = 2 would be the
Balmer series, and so on. As for the a-part, we look at where the electron transitions
from. If it falls from n = 2 we get Lya. Had the transition been from n = 3, it would
have been LyB. From n = 4 it would have been Ly~ etc.

As is usually the case with quantum mechanics, which transitions will happen is
governed by probabilities. A transition can only happen at a difference of |Al| =1 at a
time. A series of these transitions can be called a "cascade", in which some will result
in a Lya photon being radiated. Most electrons will end their cascades in either the 2s
or the 2p state. Transition from 2s — 1s is a so-called "forbidden" transition, meaning
that it has a very low chance of happening, and can thus be neglected. The 2p electrons
will however move into 1s, giving us a Lya photon. If we start at n = 4, we get that
58% of the de-excitations result in Ly« radiation.

This is illustrated in figure 2.1. This shows the probabilities of getting a Lya photon
from any given relevant quantum state.

So, to summarize, the reasons we see so much Lya is:

1) The high abundancy of unionised hydrogen gas near luminous sources.

2) The high number of hydrogen transitions that results in a Ly« emission.
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2.3.2 Hydrogen Excitation and Ionization

Now that I have covered how an excited hydrogen atom emits Ly« radiation, I will talk
a bit about how the atom gets so excited it just can’t hide it in the first place.

In general, there are two ways an atom can end up in an excited state. First, there
are collisions, in which case the electron starts out bound to the atom. Secondly, there
is recombination, where the electron comes from an external source.

In general, we can look at two "cases" when it comes to the de-excitation; "Case-
A" and "Case-B". Case-A is a very general case, in which electrons and protons can
recombine into any state (n,l) and we allow all non-forbidden transitions. Case-B,
which is what I use in this project, has two requirements: 1) we do not allow for
recombination directly into the ground state, which would produce an ionizing photon;
and 2) we neglect radiative transitions of the higher order Lyman series, that is, anything
besides Lya.

Case-B is often used in astrophysics, since it represents a more realistic environment.
In most astrophysical gases, higher order Lyman series photons would simply be re-
absorbed, along with the ionizing photons. Thus, this radiation is not actually much
present in a real gas.

Collisions

A collision is in this case an interaction between an electron and a hydrogen atom.
An electron will "hit" the hydrogen, and the kinetic energy between the incoming and
bound electrons will, in simple and not quite physical terms, knock the bound electron
to a higher orbit, in what we call an excitation. The incoming electron does not always
have enough energy to free the bound electron entirely, though, and might just push
it into a higher orbital. Regardless, this works as a set-up for a de-excitation later on,
which can produce a Lya photon.

The details and calculations, however, are a bit more complicated. First of all, how
efficient this process is depends on the relative velocities of both involved parts. Since
we are talking about an insanely large amount of particles, doing the calculation for
every single particle is unfeasible. We therefore use statistical distributions. Therefore
the collisional Lya production will include a product of both species’ number density,
along with the rate coeflicient ¢i42,(P[ve]). Here P[v] denotes the electrons’ velocity
distribution. If we assume a Maxwellian velocity distribution for the electrons, P[v]
will only depend on the temperature T'. Thus the rate coefficient will be a temperature
dependant, g152,(T"). The total Lya production rate from collisional excitation will then
be

Rgglla = NeNHIG1s—2p em s (2.1)
where ne and nyp are the number densities of electrons and neutral hydrogen; and
q is the collisional excitation rate coefficient.

Calculation of collision strength is in general a very difficult process, since for the

interesting free electron energy, the free electron will spend a (relatively) long time near
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the target atom. This will cause distortions in the bound electron’s wave function,
which may cause very complex quantum mechanical interactions. This becomes more
and more prominent as n increases, and is most reliable when 1s — nl, where n < 4
and [ < d.

The radiation these collisions produces will reduce the gas’ thermal energy. This
energy loss, or cooling, per unit volume is given by

dEp
dVdt

where Eyy, is the thermal energy, ¢ is time, V' is volume, ne and nygy are the number
densities of electrons and neutral hydrogen; and C(T") is the cooling rate per hydrogen
nucleus obtained from collisional hydrogen excitation into states of n < 4. C(T) can be
expressed as

= nenHIC(T), (2.2)

c(T) = Z GissuAE1ssyergem® s, (2.3)
u

where "u" is all excited states, ¢ is the collisional excitation rate coefficient and AFE
is the energy difference between the states.

The sum is over the all excited states u. At temperature 7' = 10*K the cooling rate
starts increasing immensely, as seen in figure 5.2. This reflects the strong temperature
dependence of the fast-moving electrons, the ones that can excite hydrogen atoms.

The cooling rate per unit volume depends on the product of C(T), n. and nyr.
Therefore we have a dependency on the ionization state of the gas. If we assume
collisional ionization equilibrium - that is, that the ionization state is entirely depending
on temperature - the cooling rate per volume will only be a function of temperature.

Recombination

A recombination is when a free electron combines with an atom and fills up a "hole"
in the atom’s "electron shells". This electron is rarely absorbed right into the ground
state, however, but in a quantum state (n,1). It will then radiatively cascade down to
the ground sate (1,0), emitting radiation along the path.

The probability of getting a Lya photon from the cascade following a recombination
is given by

P(n,l —»Lya) =Y P(n,l—n/,I')P(n/,lI' > Lya). (2.4)

n',l’

Here n’ and I’ are the intermediate states. This equation basically tells us the
probability of moving from one state in the cascade to the next, as figure 2.1 illustrates.
If we shorten it down, we can write the probability for getting a Lya photon as
-1
e Oénl(T)
Aot (T)

P(Lyo) =)

Mmin [=0

P(n,l — Lya). (2.5)
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The first term denotes the fraction of recombination events into the (n,[) state, and
aiot(T) is the total recombination coefficient.

In this project, I assume that Case-B recombination is in effect at all time. Thus
the utilized recombination coefficient will be ap.

2.4 Lya Sources

The following section is based on chapter 5: Astrophysical Lya Sources in Physics of
Lya Radiative Transfer by Mark Dijkstra (2017) [1].

As previously mentioned, Lya radiation can be found just about everywhere in
the Universe. As we have discussed, it originates from collisions and recombination
of hydrogen. Thus it stands to reason that for an abundance of Ly« radiation to be
created, we need a large reservoir of hydrogen gas. For continuous emission, it should
be near an ionizing source. Cooling of cold gas will also emit Lyc«, while cooling of hot
gas will emit X-rays, and is thus uninteresting to us.

The radiation has two main sources, which I will now give a closer look: interstellar
HII regions and circum/intergalactic media.

2.4.1 Interstellar HII Regions

The greatest Lya source in the known Universe is interstellar HII regions. These are
regions of interstellar medium close to hot and young stars. These stars are massive, and
produce plenty of photons to ionize the hydrogen gas around them. The gas will then
sporadically recombine, and emit Lya photons. We call the lines from this phenomenon
"nebular lines", and they include both Lya and Ha. A good example is the Orion
nebula, which can be seen with the naked eye in the Orion constellation. The beautiful
red light we see are in the visual spectrum, and comes from Ha radiation. However,
if we look at the probability of a case-B recombination emitting a Ha photon, we get
P(Ha) ~ 0.45, compared to P(Lya) = 0.68. This will give a flux of about 8 times
more Lya emission in comparison. So even if the constellation is already this bright in
the visible spectrum, if we moved over to the Lya spectrum at 1215.67 A, the visibility
would increase by almost an order of magnitude. This should give an indication of how
bright Ly« is, and why it is so useful for observations.

Since these regions are around hot stars, there is a constant tug of war between
ionization and recombination. This will lead to some sort of balance, in which the
recombination rate will be in an equilibrium. It should be noted that this equilibrium
is only satisfied in ordinary, non-expanding HII regions. The recombination rate of this
equilibrium region will equal the nebulae’s total photoionisation rate, that is, the total
rate at which the HII region absorbs ionizing photons.

A way to find Ly« luminosity from this region is through the "initial mass function",
or IMF. Several models for this exist, and the Ponos simulation, which I analyse, use
the so-called Kroupa IMF [13]. With this IMF, the luminosity should be around

Lo = 1.7 x 10" x SFR(Mg /yr) ergs™! (Kroupa, Z = Zg) (2.6)
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In section 5.1.1 I compare my findings to the results from the Kroupa IMF.

2.4.2 The Circum- and Intergalactic Media

In addition to the nebulae, we also have Ly« emission from circumgalactic and inter-
galactic media. This is mostly from the CGM, as it is being continuously lit up by the
galaxy it surrounds. This will ionize the gas, which will then produce Lya radiation
the same way as the interstellar medium. The IGM, however, is a mix of emission and
absorption. For the most part, the IGM is an absorbing phenomenon, and generates
what is known as the Lya forest.! However, there is no clear line between the CGM and
the IGM, and filaments of the IGM could in principle emit Lya photons from cooling.
However, for most practical reasons, the IGM is not a Ly« emitter, while the CGM is.

There is also collisional emission happening in the CGM, inside the self-shielded
regions of the clouds. This is a very temperature-dependant procedure, and is propor-
tional with o e Fryve/kT  Because of the way I do self-shielding in my model, this
production will be negated in the densest, coldest areas of the gas.

There are two main differences between Lya emission from CGM and from the
interstellar regions:

i) The Ly« emission from the CGM comes from a spatially extended region. Tech-
nically the emission from the interstellar regions does as well, but since the galaxies are
so far away, the ISM regions within the galaxy may appear like point sources to us.
Therefore, instead of looking at flux, it is better to look at the surface brightness of the
extended area. This will tell us how much is emitted at each point, and is essentially
flux over a solid angle. Figure 2.2 illustrates the geometry, along with giving us the
equation

_ Flux  dj(2)Flux _ d3(z) Luminosity

S = :
dQ dA dA  4ndi(z)

(2.7)

where dA is the surface of our object, dr,(z) is the luminosity distance to redshift
z and da(z) is the angular diameter distance to z. The relations used were that the

solid angle df2 can be defined as df) = dglf‘z) and that Flux = %lg‘fi)ty. Using dy,(,) =
A mag (z

da(2)(1 4+ 2)2, T rewrite the expression to

1 Luminosity

S:dj4w(1+z)4'

(2.8)
Equation 2.8 is instrumental for making the surface brightness profile, as seen later
in the thesis.
ii) Lya from CGM comes from external sources. The source of illumination does
not come from the gas itself, but instead from the galaxy it surrounds and background

The Lya "forest" happens when Lya radiation hits pockets of neutral gas in the IGM and is
absorbed, creating a dark line in our telescopes. As the photons are being continuously redshifted
moving through the Universe, a plethora of absorption lines will be made in the spectrum. The
remaining light will then look like a forest.
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Figure 2.2: Geometric presentation of how we look at surface brightness, along with
formula for obtaining it from the flux. Figure adapted from [1]
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fields. Ome of the ways the CGM/IGM can be ionized is through fluorescence [14] [15],
which is a phenomenon where a material absorbs radiation of one wavelength and emits
radiation of another. This fluorescence will stop once the external source is removed or
depleted. For Lya, the fluorescence comes from the recombination cascade; where Ly«
radiation will be one of the emitted wavelengths.

2.4.3 Summary

To summarize: Lya luminosity is generated by two main methods, in two main domin-
ions of space.

For the methods, we have recombinations and collisions. Recombination comes from
when a free electron recombines with a free proton, and will then de-excite and have
a significant probability of emitting a Lya photon as part of the emitted "cascade".
With collisions, a nearby free electron will collide with a neutral hydrogen atom, and
will then electromagnetically "push" the bound electron to a higher orbit. This electron
will then de-excite, and likely emit a Lya photon. This is also known as "cooling".

The dominions in which this happen are two; first there is the interstellar medium
inside the galaxies, where recombination reigns supreme. This part of the galaxy is in
constant heated turmoil, being close to ionizing stars. Cooling also happens here, but
the luminosity it produces is a small fraction of the recombination luminosity. Outside
the galaxies we have the circum- and intergalactic media. There is no clear border
between these, as they "bleed into" one another, but in general the CGM is much more
luminous than the IGM. The CGM is being heated from the galaxy it surrounds, while
the IGM mostly has to rely on background fields. These areas are fluorescent, meaning
that if the source of ionization was to disappear, they would go dark almost instantly.

2.5 Lya Resonant Scattering

As a Lya photon moves through a galaxy, it has two possible fates. It can escape or be
destroyed.

On the way to either of those fates, the Lya photon will typically face many obstacles
along its way. Most of these obstacles will be hydrogen atoms, and a few will be dust
particles. These are much larger than a single hydrogen atom, but still small enough
to be microscopic and retain some quantum mechanical properties in their interactions
with the photons.

In this section I will follow the journey of a single Lya photon through a galaxy.

First, the photon is emitted in a random direction. This is in an ionizing zone, so
there are plenty of ionized hydrogen atoms around it. The photon looks around for
atoms to scatter off of, but finds none. This is not because there are no atoms around,
but because the cross-section of the atoms do not match the wavelength - A = 1216 A -
of the Lya photon. Each kind of atom has a cross-section o which "matches" a certain
wavelength. The further the photon is from the atom’s resonant wavelength, the lower
the chance of interaction. This is the reason the Lya photon will simply "pass through"
(to use a classical image on a quantum mechanical phenomenon) the ionized hydrogen
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and all the helium atoms it encounters; the cross-section is such a bad match for the
photon frequency that it will not interact. However, after a little while, our photon
encounters an HI atom.

Now this particular atom is very quiet and still-standing, so our little Lya photon
will just be absorbed, and re-emitted in a random direction. This is what is usually
referred to as a "scattering", but can be thought of as "absorption and re-emission".
This happens over a very short period of time ( 107%s), and the re-emitted photon
retains some properties of the absorbed photon. It is important to keep in mind that
this is a quantum-mechanical phenomenon, and it thus does not follow the Newtonian
collision laws. Therefore it can bounce off all directions, governed by a so-called "phase
function". This phase function will differ depending on if the frequency matches the
photon spot-on, in the "core" [16], or whether it lands on of the cross-section’s "wings"
[17]. In general, though, the photon will have a greater chance of being scattered
forwards or backwards relative to its current direction.

So let us say that our photon gets scattered backwards, and on its way it crosses
paths with a fast-moving HI atom. Since this atom is moving, its cross-section o will
be Doppler-shifted to a different resonance frequency. This means that for an outside
observer, the probability of an interaction has been shifted to a higher red- or blueshift,
depending on direction of the atom’s movement. However, this is the case only for
photons moving along the same direction as an atom. From the photon’s point of view,
only the parallel motion will be shifted, and not the perpendicular one. This means
our little photon hits a fast-moving atom perfectly in the flank, and resonates with its
(from the photon’s point of view) unchanged wavelength. This is where the fun begins.

The photon is now, for a very short while, being absorbed by the atom. Since the
atom is moving at a very high velocity, the re-emitted photon will - depending on the
direction of the re-emission - be Doppler shifted. If it is emitted in the same direction
the atom is moving, it will be blueshifted and have gained energy, and if it is emitted
away from the atom it will be redshifted and have lost energy. This is is illustrated in
figure 2.3.

Now, our photon decided to go along the same direction as its new friend, and has
been heavily blueshifted. This means its wavelength is no longer A = 1216 A from our
point of view, and it has a very low chance of interacting with still-standing HI atoms.
This means it can do large leaps in distance throughout the galaxy without colliding
with anything. It is at this point the photon is most likely to escape from the galaxy,
and therefore most escaped Lya photons we see will be red- or blueshifted. This can be
seen in the Ly« spectra in figures 4.6 through 4.9. Escape, however, is not guaranteed.
After a long jump, the photon can still collide with either an HI atom or a dust particle.

As for HI, there are generally two possibilities. Either, our friend the photon will
hit a high-velocity atom, with a cross-section attuned to its new wavelength 2. The
other possibility is that it is simply snatched up by a more still-standing atom. Let us
assume that our photon’s blueshift is massive; so it is very far out on the wings of a

2That is, an atom that moves such that the photon is Doppler shifted back to near-1216 A in the
atom’s reference frame.
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Figure 2.3: Illustration of the frequency shift of a scattered Lya photon. To the left we
see the scattering as an external observer. In this point of view, the photon is exiting
in negative direction of the atom’s movement, and is thus redshifted. The exception is
if it happens to be scattered the same direction as the dashed blue line, in which case
its frequency will be unchanged. To the right, we see the scattering from the atom’s
reference frame. In this frame it is an ordinary scattering that does not change the
photon’s properties. Adapted from [2].
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quiet HI atom cross-section. This means there is a exceedingly low chance of scattering
off the slow photon, but the probability is still non-zero. In fact, there are so many
more slow than fast-moving atoms in the galaxy that for the highly shifted photons, the
chance is actually larger to be absorbed into a slow atom than finding a fast-moving
one [2]. When scattering against slow-moving atoms, the photon will have a tendency
to drift towards its line center [18]. This means that once our friendly photon hits a
slow-moving atom, it will tend to be shifted back towards wavelength A = 1216 A.
It is thus be more likely to hit more slow-moving HI atoms. This means the jumps
get shorter and shorter, and its chances of escaping the galaxy decreases. Its escape
attempt foiled, our photon must now be happy with short bounces between the slow
atoms, until it happens to catch a fast-moving atom again or hit a dust particle.

Dust particles are quite rare compared to HI atoms, especially in such an early galaxy
as the one I am studying. However, the dust particles exist, and a lot of photons are
emitted, so an interaction between some Ly« photons and dust grains is inevitable.
There are two possible outcomes of this. If our Lya photon is the chosen one, it may
simply scatter away, no harm done, and continue its journey throughout the galaxy.
However, it might also get absorbed into the dust particle. Unlike absorption into an
HI atom, this does not call for near-instant re-emission. The dust grain has consumed
our photon and turned it into thermal energy, and it has died alone and forgotten by
all. The dust grain will carry on with its life, unconcerned with being a cold-blooded
murderer. Along the way it vibrates, absorbs other photons, and changes its properties.
The dust will emit photons again, in the infrared spectrum - a ghastly mockery of the
brave little Lya photon it ate. Therefore we say that dust either scatters or destroys
Ly« radiation.

As for our friendly little photon, I will let you make up your own ending. Did it
escape? If so, as redshifted or blueshifted, or maybe it escaped during a short jump and
was unaltered? Or did it meet its death, smashed flat towards the mountainside that
is a dust particle? Go with the ending that makes you the most happy. But remember:

To a photon in such a galaxy is to be one amongst untold billions. It is to live in
the most luminous and ionized gas imaginable. These are the tales of those galaxies.
Forget the power of simulations and science, for so much is unresolved, never to be given
enough computational power. Forget the promise of pristine gas and photon escape,
for in the grim dark simulation there is only gas and dust. There is no direct escape
amongst the stars, only an eternity of absorption and re-emission, and the laughter of
thirsting supervisors®.

2.6 Galactic Lya Production

As seen in the Methods section, recombination Ly« luminosity can be calculated through
L = nenpnVagp(T), where the ne and nyyy represents the number densities of electrons
and ionized hydrogen respectively, V' is the volume and ap(7) is the Case-B recombin-
ation coeflicient. As luminosity is defined as total energy output per unit time, this can

3Loosely adapted from [19].
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be used to see how much Ly« radiation each part of the galaxy produces. As we can
see, there are four factors, and the production scales positively with all of them.

High number densities of electrons and ionized hydrogen HII simply means that
this area there are a lot of electrons and ionized gas. This means we have a lot of the
building blocks that is required for the recombination and subsequent Lya emission to
happen. This plays directly into a high ap(7); after all, having many building blocks
would not matter if they did not recombine. High temperature means more energy to
the gas, which causes the neutral HI atoms to split into HII and electrons in the first
place. So all of these parameters are natural and intuitive inclusions in the Lya photon
production.

There are a few factors in the galaxy that affect the Ly« production. Three that
I take into account in my model are external ionization, internal ionization and
self-shielding. I have talked about the physical processes of ionization further up, but
how do these affect the galaxy as a whole?

When I start working on the data, it "arrives ionized" to an extent. This is in part
due to an external ionization, that is, ionization from outside the galaxy. In the model,
this is presented as a uniform field. In reality, this comes from ultraviolet photons,
creating this "background field". This affects the whole galaxy, except the self-shielded
portions.

Next, we have ionization from internal feedback sources. The two I include and look
at here are feedback from the active galactic nucleus (AGN) and from the stars in the
galaxy.

The AGN is, to put it mildly, massively energetic. Therefore, one can assume that
all gas within a certain distance of it will be fully ionized. For the stars, however, we
must calculate. I will go more into the details of this in the "Methods" section, but the
essence is that each star affects the gas around it to a certain degree. A big difference
between the external and the internal ionization is that the internal does not take the
self-shield into account, as it may originate from inside it.

This "self-shield" I have been talking about is a phenomenon that happens when
a blob of unionised gas is hit by outside radiation. This "shield" forms around dense
areas of gas, and prevents ionizing photons - mostly of the Lyman continuum variety -
from penetrating and ionizing the gas behind it. HEssentially, this means we will have
pockets of unionised, neutral gas in between the ionized galaxy.

So where does this shield come from? Well, imagine you have a dense pocket of gas.
Ionizing photons from surrounding stars and other sources will then hit this gas. Thus
the outer layer will be ionized. So far so good. However, it will not stay ionized for
long. Soon, this outer layer will start to recombine and de-excite. This de-excitation
will, in approximately 68% of the cases, give Ly« radiation. Most of this radiation is
not strong enough to ionize the inner layers of the pocket. This is especially true for
the Lya, as it carries an energy of Ery, = 10.2eV, while the hydrogen gas requires an
energy of Ejon = 13.6eV. So the re-emitted photons will not be energetic enough to
ionize the gas inside the shield. Meanwhile, in emitting these photons, the hydrogen
along the edge of shield will be neutral again, ready to absorb the next wave of incoming
ionizing continuum photons.
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So to put it like this: singular high-energy photon comes in, multiple low-energy
photons go out. These will be unable to ionize the gas further, and will just scatter off
the hydrogen particles. Thus, we will have neutral pockets within the large clouds of
ionized gas.

All of this put together gives the model I am using for analysing the galaxy simula-
tion.



18

Theory




Chapter 3

Methods

Here I describe the simulation and the analysis method.
The methods used are almost exclusively numerical. I have made use of the program
Pynbody |20] to extract and analyse the simulation data.

3.1 The Ponos Simulation

The Ponos simulation is described in [21]. It is a high-resolution simulation, an altern-
ative take on the run focusing on the halo originally dubbed "Ponos V". The high
resolution version contains hydrodynamics and self-consistent baryonic physics. The
version described in the paper has a higher resolution than the one I am analysing,
but the physical processes are the same, and any properties I describe here are shared
between the two simulation runs.

3.1.1 Smoothed Particle Hydrodynamics and Simulation Code

Smoothed particle hydrodynamics (SPH) is a computational method for simulation of
fluids. It was developed by Gingold and Monaghan in 1977 [22]; and Lucy in 1977 [23].
Its main selling point is that it is gridless, letting us work on a particle-by-particle basis.
This makes it easy to keep track of the physical properties of each particle in the fluid,
and how they evolve over time.

The Ponos simulation was performed using the GASOLINE code [24]. It uses three
kinds of matter particles in the simulation: stars, gas and dark matter.

GASOLINE models gas dynamics using SPH. Adding to the standard SPH formu-
lation, it also includes a term for thermal energy and metal diffusion [24] [25]. The
physical processes for galaxy formation include radiative cooling of gas, ionisation and
heating from a uniform UV background [26]. The gas cools normally through radiation
in the optically thin limit by solving the network of non-equilibrium reactions for HI,
HII, Hel, Hell and Helll.

An important point to note is that even when we go into high-resolutions, there
will still be processes going on at sub-resolution levels that are important to the galaxy
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evolution. Among these are the formation of stars and the impact of their feedback -
in form of supernovae and stellar winds. These will both release energy and mass into
nearby particles, but cannot be resolved. GASOLINE includes several sub-resolution
models to deal with this feedback. The feedback sources are radiative cooling of gas,
star formation and the above mentioned supernovae and stellar wind feedback. The su-
pernovae inject energy into nearby particles, and the stellar wind will release additional
mass into the system. The processes are based on [27].

For the supernova feedback, it is modelled such that each Type II supernova releases
a thermal energy of 10! erg into the surrounding gas, based on the maximum supernova
blast range. This also temporarily turns off the cooling while the blast wave snowploughs
through. For type la supernovae, the same energy is injected, but the cooling is not
suspended. The supernovae also release mass into the surrounding gas, of 1.4 Mg per
supernova. A fraction of this is also metals, meaning that the metallicity of the galaxy
increases per supernova. Each supernova injects 0.63 Mg iron and 0.13 Mg, oxygen into
the surrounding gas.

The formation of supermassive black holes and an AGN are both not included in the
simulation. This may play an important role in the energetic feedback and ionisation
of the gas; as I discuss later.

3.1.2 Initial Conditions

The initial conditions (ICs) used are optimized for halo development until redshift z = 6.
A ACDM model consistent with the results of the Wilkinson Microwave Anisotropy
Probe 7 (WMAPT) is used. Parametrization is done by cosmological density fractions
Qo = 0.272, Qpr 0 = 0.728 and Qo = 0.0455. o3 = 0.807, ng = 0.961 and Hp = 70.2
km s~' Mpc~! [28] [29]. The halo is evolving in a box with size of 85.5 co-moving
Megaparsec, and at z = 0 it reaches a mass of m ~ 1.2 x 1013M,.

The original initial conditions are part of the AGORA code-comparison project [30].
Ponos generates new initial conditions of the same halo by using the MUSIC code [31].

The run starts at z = 100, with a base cube of 1283 particles per side.

3.1.3 Simulation Procedure

A five-step procedure is used to determine the high-resolution region on the initial
conditions.

i) A 1283 full-box simulation with only dark matter is being run to identify the main
halo at z = 6.

ii) Particles within 2.5R,;, are traced back to the initial conditions.

iii) The local resolution of the ICs are increased. This is done by adding one level
of refinement within a rectangular box containing all the back-traced particles.

iv) The ICs are evolved back to z = 6.

v) Step ii) is repeated, and two additional levels of refinement are added within the
convex hull that contains all identified particles.
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Each level of refinement increases the spatial resolution by a factor of 2 and the
mass resolution by a factor of 8. Steps iv) and v) are iterated until 5 additional levels
of refinement are added above the base level. At the last iteration, gas particles are
introduced.

As for the particle masses, in the highest resolved areas the dark matter particles
have a mass of mpy = 35181.0 My and the gas has a mass of mg,s = 6831.24 M.

For a more detailed description of Ponos, see [21].

3.1.4 Halo Finder

The Ponos simulation uses the Amiga Halo Finder (AHF) [32] [33] to detect dark
matter halos. The finder defines a halo as a group of at least 100 particles bound within
a virial radius.

3.2 Simulation analysis

3.2.1 Intrinsic Surface Brightness

tively) long time near the target atom. This will cause distortions in the bound electron’s
wave function, which may cause very complex quantum mechanical interactions. This
becomes more and more prominent as n increases, and is mos To analyse the galaxy
simulation, I have written my own code. The simulation snapshots are imported through
Pynbody [3]. The goal is to find the luminosity and then surface brightness, which are
described in equations 3.2 and 2.8 respectively.

I start off by importing some parameters directly from the simulation code, and use
various equations to calculate the others I need. The vital imports are the mass of each
particle m, its mass density p and its mass fractions f;, where ¢ is each particle species
1

From the mass fractions, I find the number density of each particle species in each
SPH particle through

_Jfir
m,-’

(3.1)

)

where m; is the mass of the particle species, a known, universal quantity.
The first step is to find the luminosity of the gas. To do that, I use equation 2.2
rewritten as

L = ngnneV aB eff s (3.2)

where V' is the volume of the particle, Ngyr is the number density of ionized hy-
drogen, N, is the number density of free electrons and apeq is the effective Case-B

"When talking about "particle species" in this thesis I consistently refer to protons, electrons etc.
When referring to "particles", I am talking about simulation particles, of which we have three types:
gas, stars and dark matter. The "particles" in the simulation sense cover large areas of space; for
example each "star particle" contains multiple stars.
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recombination coefficient. This represents fraction of the Case-B recombination coeffi-
cient that produces results in Lya emission.
The volume of the particle can be found simply by taking

V= (3.3)

P
m
for each particle, where p is each particle’s mass density and m each particle’s mass.
The effective recombination parameter is a bit trickier. This is done in two steps:
first by using a fitting formula to find an approximate parameter, and then to find out
how much of this turns into Lya. Luckily for us, both of these have already been done.
As mentioned in the theory section, I assume the gas is opaque enough that agp is
valid at all times.
The fitting formula we use is gathered from [34]. It goes as

I
ap(T) = 2.753 x 107132 (1 + (—220)0-407)*2242 s™lem ™2 (3.4)

where lpr = 2 x 157807/T and T is the gas temperature.
To then find the fraction of this parameter that produces Ly« photons, we use

apef = Praphiy (3.5)

where 1y is the Lya wave frequency and h is Planck’s constant. ap g have the units
of ergem™3s~! . As for P a fitting formula was introduced in [35] and is given as

—0.44

Pg = 0.686 — 0.106 log(T x 10~%) — 0.009 (T x 10~%) (3.6)

Now that we have these parameters for each particle, we can find a particle’s lumin-
osity by equation (3.2).

With this luminosity, I can plug my numbers into equation 2.8.

To do this, I instead project the data onto a 2D grid. As with launching photons
and applying radiative transfer, I do this through MoCaLaTA [36].

3.2.2 Cooling Luminosity
The cooling - or collisional - luminosity of the galaxy can be found by equation 3.7.
This goes like

LLya,cool = hVOnenHIq15—>2p (T)V7 (37)

where hv = 10.2¢eV is the Lya photon energy, ne and nyp are the number densities
of electrons and neutral hydrogen; gis—2p(7") is the collisional excitation rate coefficient
(from now shortened to "g-factor") given by equation 3.8 [37], and V is the volume of
the given particle or grid cell. For the g-factor,

G1s2p(T) = 2.41 x 10787, 0-28¢=hvo/keT ¢y 3g—1 (3.8)



3.2 Simulation analysis

23

where kg is the Boltzmann constant. Multiplying these variables together is a simple
process, that by all means should give a good, accurate collisional luminosity, but does
not. See the "Results" and "Discussion" sections for more details.

3.2.3 Ionization

This is all well and good, but I want to make my model more realistic. To do this, I
want improve the model’s gas ionization.

An important factor to apply is the self-shielding. The way I do this is by declaring
that within a certain limit, all gas is neutral. While this eliminates ionisation from
external sources, it also invalidates sources within the shield. Thus, you miss out on
some ionization that might be there otherwise, and my model becomes less precise.

The limits I examine are based on temperature and density. Generally, cold gas and
dense gas means neutral gas. These are often synonymous, and are used as the basis
for the shield I apply. Specifically, I investigate three definitions: a temperature-based
shield where I neutralize anything colder than T = 10*K (as this is the temperature
where hydrogen starts ionizing); as well as a fine and a coarse density shield. What I
mean by this is that the coarse shield will affect larger areas than the fine shield. The
coarse shield is about neutralizing anything area where ny > 0.01cm™3, and the fine

shield neutralizes any area where ny > 0.1cm™3.

The next step will be to include ionizations not present in the original simulation.
There are two kinds we apply: ionization from stars and ionization from the AGN.

The method I use for the star ionization is very resolution dependent. This makes it
an ill fit for the SPH, as the relatively small particles would be completely ionized using
this method. Since I need the code to be in grid format to run MoCaLaTA anyway,
this is an excellent time to convert my code from SPH in Python to a uniform grid in
Fortran. The grid is 500 x 500 x 500 cells long, with a physical size of 50 x 50 x 50
kpc. The conversion is done numerically, by going through the position of each particle
and finding out which grid cell each would be in. This size is chosen so that the
resolution is reasonably high (being 100 pc per cell), as well as giving a neat temperature
interpolation (see appendix). Then, depending on the parameter, I either divide by cell
volume (to find p), or weigh it by mass (to find the other variables). This also gives
me a great opportunity to calculate the star formation rate (SFR). For this, I look at
the young stars in the simulation ?, and sum up the masses of these stars. This mass is
then divided by dt = 35 Myr to find the SFR of each grid cell.

Figure 4.1 shows the complete simulation box, alongside an arbitrary zoomed in
region and the box I choose to base my results on. As one can see, this is where the
majority of the gas exists. It also goes just past the virial radius, which means we get
the entire "significant" portion of the galaxy within the box limits.

2Defined as the stars where ageuniverse — tiMeformation < (dt = 35 Myr)
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Star Ionization

Once we have the code in grid format, I apply the star ionization, using equations 3.9
and 3.10. The basis of the method lies in calculating a part A Xy to subtract from the
number fraction neutral hydrogen. This can be converted to a mass fraction through

T MHL

Afur = AXyr Z (3.9)

)
nimy;

where f is mass fraction, X is number fraction, ¢ loops over particle species, n is
cell number density and m is particle species mass.

I calculate the fraction of ionized hydrogen through frr = 0.764 — fy1, where 0.764
is a globally set mass fraction of hydrogen atoms in the simulation. This will in turn
give me the fraction of the ionized HII. With this fraction, I can use equation (3.2)
again to find the new, stellarly ionized Ly« luminosity. The formula for finding A Xyy
is given as [10]

Qionmion
AXyr = 5

, 3.10
i B (T) Veen (3.10)

Here Xy is the number fraction of neutral hydrogen; ap is the recombination
coefficient and Vg is the cell volume. The other two are a bit less general: Qion =
2 x 10°3 IE/[F@Ryr is to factor in the star formation rate (SFR). In [38] it is shown that this
works for a range of different stellar models. mjo, can be seen as the number fraction of
fully ionized Strémgen spheres in a neutral cell. I choose to have it as 1 for this project.
ap(T) is the case-B hydrogen recombination parameter, and nyy is the number density

of neutral hydrogen.

This number fraction is then converted into the equivalent mass fraction, through
equation (3.9). In this case that is HI, HII, Hel, Hell, and Helll. Then, A fy is sub-
tracted from the existing fyr, to get a new value. This new value is used to calculate
the post-stellar ionization luminosity in the given grid cell.

AGN Ionization

As for the AGN ionization, the method is very crude, but should be appropriate enough.
I simply choose a radius from the center and declare that everything within this radius
is fully ionized. As discussed in the aptly named "Discussion" sections, it turns out the
star ionization is so strong that the AGN ionization has a minimal effect in comparison.
Thus I set the AGN to have a radius of 1kpc.

As I see it, there are three inherent weaknesses in this approach. The first is that
the size of the AGN is more or less guesswork. The second is that I do not take any
jets into account, and assume the AGN is completely spherical. The third is that this
is a binary set-up; either everything is affected by the AGN or nothing is. There is no
transition. With this in mind, I proceed to the radiative transfer itself.
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3.2.4 Ly« Radiative Transfer

The Lya radiative transfer is done with a code called MoCalLaTA, written by my co-
supervisor Peter Laursen [36]. MoCaLaTA is a grid-based code, that performs radiative
transfer of Lya radiation in a simulated galaxy. The process starts by finding luminous
cells. The more luminous a cell it, the higher chance it has of emitting a photon package.
Once the emitting cells have been found, MoCaLaTA will emit a photon in a random
direction. The code will integrate the optical depth 7 along the line of the emitted
photon. A scattering will happen after a distance
T

d= , (3.11)
NHIOHI + NdustOdust

where d is the distance, T is the optical depth, ny and ngyst are the number densities
of HI gas and dust; and oy and oqyst are the cross-sections of HI gas and dust. ngy >
Ndust, SO the vast majority of the scatterings will be off the hydrogen atoms. n and o
are cell-dependent variables (o depends on temperature), and are uniform within each
cell. A random value of 7 is determined from a probability distribution of P(7) =e™7.
From this value of 7 we can then calculate the distance as in equation 3.113 .

As described in the theory section, the by far most likely collision is with a neutral
hydrogen atom. If this happens, a weighted random new direction will be assigned to
the photon, and the next turn will begin. This will continue until the photon either
escapes the galaxy or is destroyed by a dust particle.

The amount of "photons" emitted is dictated by the user. In this project I emit
N, = 100000 photons, which mean I divide the original luminosity by 100000 and send
out that many packages, each holding a fraction of the original luminosity. Thus each
photon package represents EWLNW photons, where L is the galaxy’s total luminosity and
E, is the energy of a single photon.

The dust type I run MoCaLaTA with is "Small Magellanic Cloud (SMC) dust".
At the wavelength of Lya photons, the albedo is A ~ 0.32. This means for each dust
collision the photon has a 32% chance of scattering, and a 68% chance of being
destroyed. The code handles destruction simply by ending the photon’s journey right
there and then, and moving on to the next photon without recording an escape.

MoCaLaTA makes a cube around the galaxy, which can be thought of as a six-sided
die. Each side of the die corresponds to a window from which one can look at the galaxy
- dubbed xm, xp, ym, yp, zm and zp, for "x minus", "x plus" and so on. Looking in

3 A physically inaccurate, but intuitive way to think about it is of 7 as the "movement speed" of the
photon, as if the photon was a character in a turn-based video game. Each turn starts by rolling a die,
thus assigning a movement speed 7 to the particle for this turn. The turn ends when the particle has
used up all its movement speed. However, some of the "terrain", represented by the density n, is more
difficult to cross than others. Thus, in some cells the character uses more of his movement resource
to move the same distance than he would in other cells - as if he crossed a plain and then went into
a dense forest covered in underbrush. So the higher the density, the more of the movement resource
is used up per step the character takes. When he has zero movement left, our character - the photon
- will stop, and the turn will go into the scattering phase. In this way, the density and temperature
(through o) will determine how often the photon scatters, as well as the random factor of the optical
depth.
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through the xm window means looking along the positive direction - from the negative,
thus "xm" - of the x-axis, with the window being spanned by the y- and z-axes.

This window we look through has a third dimension as well, stretching outwards
towards us. On the axis of this dimension we find wavelength. Drawing a line along this
axis and into the simulation box, we count the amount of scatterings that happen behind
the corresponding pixel of the line. For each scattering, we look at the wavelength of
this particular photon, and add a value Py ge™" to the corresponding wavelength. Py
is the probability of being scattered in a given direction, 7 is the optical depth between
the scattering point and the edge of the box.

This will give us six cubes, each attached to the galaxy die, with x-y-axes spanning
the area of the cube side and the z axis going outwards. I set the resolution to be 200 x
200 x 300. The way to use these are through collapsing. If we collapse this cube along
the z-axis, we get all the scatterings in each pixel added up, and can use this to find the
surface brightness. If we collapse along the x and y axis, however, we get the wavelengths
of every pixel. This is shown in figures 4.6 through 4.11, with the rightmost subplots
showing the surface brightness, and the rightmost ones the wavelength spectrum.



Chapter 4

Results

Here I will first present the results of my research.

4.1 Simulation Properties

Here I will present some of the properties of the simulation.

The original simulation size is a 85.5 x 85.5 x 85.5 comoving Mpc® box, with gas
stretching 388.1kpc, 546.6 kpc and 424.7 kpc in the x, y and z directions respectively.
However, the virial radius is only 21.97 kpc. As figure 4.1 shows, much of the simulation
is just empty space. Therefore, I choose to zoom in on a box with dimensions 50kpc x
50kpc x 50kpc around the center of the largest galaxy. This is a neat, rounded number
that covers the entire virial radius.

The physical properties of the gas within this simulation are presented in table 4.1.
I present the minimum, maximum and means of the variables, as well as the sum where
it makes sense.

Figure 4.2 shows some general properties of the simulation, both a full view and one
zoomed in box. The density figures reveals that the main galaxy is in the middle of a
galaxy merger. This is an explanation as for why the star formation rate and luminosity
have so unusually high values. The temperature maps show that the temperature gets
quite high, possibly due to supernova feedback.

Star Formation

Using the interpolation method described in section 3.2.3. This gives a star formation
rate (SFR) of 41.42 Mg yr—!. This is a high SFR for galaxies of this redshift - it seems
the Ponos galaxy is very star-forming. This is supported by figure 4.3, which shows the
fraction of star mass versus the total halo mass of the galaxy. As we can see, the Ponos
galaxy is quite above the normal at all redshifts. Figure 4.4 shows that this formation
rate went up exponentially the 150 million years, possibly as a result of the ongoing
merger event seen in figure 4.2. At the current redshift, z = 6.5, it is at an all-time

high.
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Table 4.1: Parameters of the particles in the zoomed-in 50 x 50 x 50kpc? simulation

box.

Component  Parameter Minimum Maximum Mean Sum Units

Gas Luminosity, rec  0.00 7.52x10% 244 x 1037 6.25 x 10*3  ergsT!
Luminosity, cool  0.00 558 x 1041 827 x 103 211 x 10% ergs~!
Mass 6.15 x 103 2.92 x 10% 7.52 x 103 1.92 x 101 Mg
Temperature 113.68 4.32 x 107 2.34 x 10° - K
P 518 x 10729 1.68 x 10721 9.04 x 107 - g cm ™3
nHI 2.54 x 10713 767.64 29.37 - cm ™3
nHII 0.00 TAT.73 11.90 - cm ™3
Ne 0.00 862.84 13.92 - cm ™3
Ntot 5.29 x 107°  1672.85 58.26 - cm ™3
frr 1.00 x 1072 0.764 0.33 - -
fr 0.00 0.764 0.44 - -

Stars Mass 473 x10°  6.83x10%  5.65x 103 513 x 107 Mg
Formation time  141.24 865.78 726.53 - Myr

Dark matter Mass 3.52x10%  3.52x10*  352x10% 899 x101Y Mg

Total Mass - - - 1.14 x 10" Mg




4.1 Simulation Properties

Table 4.2: General parameters of the simulation; as well as component masses. Here
I present first those within the virial radius, then for the whole simulation, then, for
completeness’ sake, a repeat of the masses within the 50 x 50 x 50 kpc? box from table
4.1.

Property Value Unit
Star formation rate 41.42 Mg /yr
Virial radius 21.97 kpc
Virial mass 1.24 x 10 Mg
Gas mass (vir) 1.65 x 1010 Mg
Stellar mass (vir) 4.99 x 10° Mg

Dark matter mass (vir)  1.02 x 101t Mg

Simulation size 1.14 x 10*  kpc
Simulation mass 2.32 x 1016 Mg
Gas mass (sim) 4.38 x 101Y Mg
Stellar mass (sim) 513 x 10 Mg

Dark matter mass (sim) 2.32 x 10'® Mg

Box size 50 kpc
Box mass 1.14 x 10 Mg
Gas mass (box) 1.92 x 101 Mg
Stellar mass (box) 513 x 10 Mg

Dark matter mass (box) 8.99 x 10! Mg
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(a) Full simulation box. (b) Arbitrarily zoomed in (¢) Simulation box zoomed
simulation box. in to 25 x 25 x 25kpc

Figure 4.1: Visual image of the simulation box, represented by the logarithmic column
density log(pcor). Visualizes how much of the box is empty space, and why zooming in
on the gas is purposeful. Made with SPLASH [3].

4.2 Intrinsic Lya Luminosity

Using the method described in section 3.2.1, and particularly equation 3.2, 1 get a
recombination Lyca luminosity of L = 3.07 x 10** ergs~!. This is a bit on the high end,
and the result of it only being affected by the background radiation. In order to make
the model more realistic, self-shielding and ionization are applied.

The first big choice comes when deciding what self-shielding method to use. I have
here tried four different models, as presented in section 3.2.3. They all give a total
luminosity, and a cut-off luminosity in the zoomed in box I choose to further examine.
Figure 4.5 is an invaluable tool for determining which areas to neutralize, so to speak.
The results of each self-shielding model are presented in table 4.3.

Table 4.3: How the various methods of self-shielding affect the galaxy’s recombination
Lya luminosity.

Shield Simulation luminosity Box luminosity

None L =3.07 x 10*ergs™ L = 3.05 x 10*ergs!
ng > 0.1cm™3 Lnso1 =9.14 x 10%ergs™  Lyso1 = 3.14 x 10*'ergs™!
ng > 0.01cm™3 Lns001 = 7.72 x 10%%rgs™  Lysgo1 = 8.75 x 10¥ergs™!
T <10*°K Lpcige = 6.36 x 108ergs™ Ly = 6.25 x 10%3ergs™!
ng>01lcm™3 & T <10*°K L =6.36 x 10%ergs™ L =6.25 x 10%3ergs!

First off, there are two density shields. In the first I declare that all particles with
a hydrogen density of ng > 0.1cm™2 are fully neutral. This gives a total simulation
Lya luminosity of L,~o1 = 9.14 x 10** ergs™'. The luminosity in the box is Ly>01 =
3.14 x 10* ergs~1,

For the coarser density shield I set that all particles with ng > 0.01cm™2 are fully
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(a) Logarithmic gas density log(p) of
a 178 x 178 x 178 kpc® box for values
4x1073%gem 3 to 4 x 1072 gem 3.

(¢) Logarithmic gas temperature
log(T) of a 178 x 178 x 178 kpc? box
for values 1 x 103K to 1 x 107 K.

(b) Logarithmic gas density log(p) of
a zoomed in box of 50 x 50 x 50kpc3
for values 4 x 1072 gem ™ to 4 x

1072t gem=3.

(d) Logarithmic gas temperature
log(T) of a zoomed in box of 50 x
50 x 50kpc3 for values 1 x 104K to
1x10"K.

Figure 4.2: Temperature T' and mass density p of the gas, for the whole galaxy and
for the zoomed box. Both values and colour scales are logarithmic, with black meaning
cold and yellow meaning warm. Made using the Tipsy visualization tool from N-Body
Shop (http://faculty.washington.edu/trq/hpcc/).
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Figure 4.3: Star mass percent as a function of total halo mass. The Ponos galaxy has
a higher percentage of stars than normal, as seen in other data that deems it a galaxy
with high star formation. Observational data from [4].
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Figure 4.4: Star formation history of the galaxy. Figure made using a routine by Sijing
Shen.
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Figure 4.5: Logarithmic distribution of temperature as a function of hydrogen number
density. Markers show the zones the self-shielding schemes of temperature and the fine
density shield would affect. Neutralization line for ng > 0.0lcm ™ not provided, as this
model is quickly discarded.

neutral. This gives Lyso1 = 7.72 x 10 ergs™! before zooming in on the box and
Lp>0.01 = 8.75 x 1037 ergs™! after. This model is quickly disregarded, as it neutralized
an unreasonably large part of the galaxy.

For the temperature cut-off, I look at the cold areas, and declare them to be neut-
ral. This is in itself a bit unconventional, as self-shielding is a density-based method.
However, as the upper right quadrant of figure 4.5 shows, the vast majority of the dense
gas is hotter than 10* K. Thus neutralizing it would be very non-physical, and using
a temperature-based shield would be the lesser of two evils. The temperature limit I
choose is T' = 10* K, as this is the temperature at which hydrogen has enough energy to
start ionizing. With this method, I get a total luminosity of Ly 1gs = 6.36 x 10%3 ergs—?
before the cut-off and Ly 191 = 6.25 x 10%3 ergs™! after.

The fourth model combines the first and third. In this model I only neutralize the
lower quadrant of figure 4.5; that is, where ng > 0.1cm™ and T < 10* K. This model
gives me essentially the same results as the temperature shield. However, I feel it is the
most physically accurate model of the four, and proceed to use this one.
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The results are summed up in table 4.3.

Figure 5.1 shows the ionization as a function of temperature. As seen in the figure
T = 10*K is a decent approximation, as it is within this range the ionization starts
happening.

Cooling Luminosity

As per equation 3.7, the Lya cooling luminosity should be a function of the electron
and HI number densities n, and nyy, the collisional excitation rate coefficient (q-factor)
q1s—2p(T") and the volume V. It should also be a few percentages of the Lya recom-
bination luminosity. This, however, turns out to not be the case. Instead, we get
Leool Lya = 2.11 % 10%: whereas the intrinsic LyecLya = 6.25 % 10*3. Therefore I choose
to not include it in the project, other than as an unsolved curiosity. See the "Discussion"
section for an examination of relevant figures 5.1, 5.2 and 5.3.

4.3 Ionization Approximations

After interpolating the variables to a grid, they remain in a mostly recognizable form.
See the appendix for histograms showing the difference between the SPH and the inter-
polated grid. One important result form the interpolation is that after using equation
3.2 to calculate the new Lya luminosity, the result is Lyec Lya,gria = 1.60 X 10*3 ergs—!.
As we can see, this is a significant difference from the particle code. However, I
proceed, and apply AGN and star ionization as described in the "methods" section.
After applying an AGN with radius 1kpc, I get Lyec Lya,grid, aAan = 1.60 X 10*3 ergs™!.
Looking further into the digits, applying this AGN gives an increase of 0.0013% - a
very insignificant number. After then doing star ionization, the luminosity is up to
Lrec,Lya,grid,AGN,stars = 7.68 x 10% ergs_l.

Table 4.4 shows how luminosity and number of ionized cells differ based on how
large the AGN radius is. To get even a somewhat significant increase, the AGN must
have an ionization radius of almost half the virial radius. Since this is unrealistic, I will,
for simplicity’s sake, use the data from where Ragn = 1kpe.

Another thing table 4.4 shows is how the ionization schemes affect the cells. As we
can see, not a huge number of cells have been affected. However, by cross-referencing
with figure 4.5 one can assume that the densest and most central cells have been. These
are the ones that are responsible for the majority of the Lya production. So even if so
few cells are affected by the extra ionization, we still increase the luminosity by a factor

of 7.

4.4 Surface Brightness

For finding the surface brightness I used the code MoCalL.aTA, written by Peter Laursen
[36]. I sent out n, = 10° photon packets, and let them scatter off dust in the galaxy. I
also did the same without scattering as to being able to compare the intrinsic and the
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Table 4.4: Luminosity changes with different AGN radii. The first row shows the
luminosity after only the AGN ionization has been applied, the second after AGN and
then star ionization. The virial radius is Ry, = 21.97kpc. I also show the amount of
particles that are unaffected, partly ionized and fully ionized by the post-processing of
the simulation. The total number does not match up to the 500 x 500 x 500 grid due
to the fact that the empty cells have been disregarded.

AGN radius: 1kpe 5kpc 10kpc Ryir

Lo/acn [ergs™]  1.596528 x 10%*  1.596878 x 10**  1.920463 x 10** 1.518833 x 10*
Lo jstars [ergs™!]  7.687970 x 10 7.688321 x 10*3  7.993162 x 10%®  1.518833 x 10*

Unaffected 1.20 x 108 1.18 x 108 1.03 x 106 3.63 x 10°
Partly ionized 2.58 x 103 2.58 x 103 2.40 x 103 0
Fully ionized 2.30 x 10* 4.81 x 10* 1.96 x 10° 8.67 x 10°

scattered surface brightnesses. MoCal.aTA offers views of the luminosity and surface
brightness from all directions in the galaxy cube grid. One can think of it as a die, with
each side corresponding to a positive and negative x, y and z-direction.

The three main results from this are the surface brightness map, and the surface
brightness profile, and the spectrum. The surface brightness maps and spectra for each
direction and appropriate spectra are shown in figures 4.6 through 4.11. They have
been made on 200 x 200 pixel grids, each with a physical length of 50 x 50 kpc?. The
effects of the Lya scattering is clearly visible. Each of the six directions correspond
to looking in from the positive or negative x, y, and z-direction, labelled "xm", "xp",
"ym"7 "yp", "Zm" and "Zp".

Figures 4.12 through 4.14 show the surface brightness profiles. These have been
shifted so that they start on the brightest pixel in the scattered image. This is to make
it easier to compare with observations; when observing it is the scattered image we see,
and we typically define the brightest visible point as being the center. Table 4.5 shows
the flux and escape fraction in each direction, as well as the most luminous pixel and
its distance from the galactic center. The escape fraction is done by dividing the sum
of the integral field unit IFU by the number of emitted photons IV, .

Figure 4.15 shows the surface brightness profiles in comparison to observations.
Subfigure 4.15a shows compared to galaxies at similar redshifts (5 < z < 6) presented
in [5]. As we can see, the Ponos galaxy is orders of magnitude more luminous than these
galaxies. Based on this, and the SMHM chart in figure 4.3, the Ponos galaxy seem to
be superluminous. Therefore, I compare with the galaxies presented in [10]. As these
are giant Lya nebulae, their profiles extend much further out than mine. Therefore I
compare in the overlapping areas. Based on subfigure 4.15b, there seem to be a good
match with the superluminous Lya nebulae.

The spectra shown in figures 4.6 through 4.11 shows peaks at red- and blueshift.
This is expected, as the Doppler shifted photons travel longer distances uninterrupted,
and are therefore more prone to escape. We also have high escape towards the central
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line A = 1216 A. This likely comes from the outer parts of the galaxy, where the gas
is not dense enough to stop the non-shifted photons from escaping. For the intrinsic

spectra, the lines is centred neatly around 1216 A, as expected.

Table 4.5: Lya flux in each direction, as well as most luminous pixel and its distance
from the galactic center. For the surface brightness profiles in figures 4.12 through 4.14,
the brightest pixels of the scattered Lya photons are used. The directional axes are

tilted such that the origin will always be in the lower left corner.

Direction Flux Esc. fraction Brightest pixel Distance from center
[ergs™! cm ™2 [ kpc]
xm, scatter  2.59 x 10718 0.70 (110z,108y) 3.20
Xp, scatter 3.20 x 10718 0.78 (107y,1022) 1.82
ym, scatter 1.08 x 10718 0.33 (108x,1192) 5.15
yp, scatter 2.61 x 10718 0.68 (1102, 108x) 3.20
z1m, scatter 4.22 x 10718 0.91 (119y,102x) 4.78
zp, scatter 3.00 x 10718 0.80 (101x,118Yy) 4.51
xm, intrinsic ~ 6.94 x 10718 0.97 (102z,108y) 2.06
xp, intrinsic ~ 6.87 x 10718 0.98 (108y,102z) 2.06
ym, intrinsic ~ 5.72 x 10718 0.97 (108x,1197) 5.15
yp, intrinsic ~ 6.72 x 10718 0.97 (11927, 108 x) 5.15
zm, intrinsic ~ 5.42 x 10718 0.99 (119y,102x) 4.78
zp, intrinsic  5.47 x 10718 0.99 (102x,119y) 4.78
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(a) Scattered Ly« surface brightness map and spectrum in negative x-direction.
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(b) Intrinsic Ly« surface brightness map and spectrum in negative x-direction.

Figure 4.6: Ly« surface brightness maps and spectra in the xm-direction. Shows the

effect of Lya photon scattering. The map covers surface brightnesses in the range

10722 — 10" ergscm~2 arcsec 2.
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(a) Scattered Ly« surface brightness map and spectrum in positive x-direction.
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(b) Intrinsic Ly« surface brightness map and spectrum in positive x-direction.

Figure 4.7: Ly« surface brightness maps and spectra in the xp-direction. Shows the

effect of Lya photon scattering. The map covers surface brightnesses in the range
10722 — 10~ " ergscm~2 arcsec 2.
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(a) Scattered Ly« surface brightness map and spectrum in negative y-direction.
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(b) Intrinsic Ly« surface brightness map and spectrum in negative y-direction.

Figure 4.8: Ly« surface brightness maps and spectra in the ym-direction. Shows the
effect of Lya photon scattering. The map covers surface brightnesses in the range
10722 — 10" ergscm~2 arcsec 2.
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(a) Scattered Ly« surface brightness map and spectrum in positive y-direction.
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(b) Intrinsic Ly« surface brightness map and spectrum in positive y-direction.

Figure 4.9: Ly« surface brightness maps and spectra in the yp-direction. Shows the

effect of Lya photon scattering. The map covers surface brightnesses in the range

10722 — 10~ " ergscm~2 arcsec 2.



42 Results

le-16

3.0

2.5 A

2.0 A

x [ kpc

1.5 4

1.0 4

Energy / ergslem—2 A1

0.5 4

2 0.0 4

T T T T T T T
=10 -5 4] 5 10 1200 1205 1210 1215 1220 1225 1230
y / kpc Wavelength / A

(a) Scattered Ly« surface brightness map and spectrum in negative z-direction.
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(b) Intrinsic Ly« surface brightness map and spectrum in negative z-direction.

Figure 4.10: Ly« surface brightness maps and spectra in the zm-direction. Shows the

effect of Lya photon scattering. The map covers surface brightnesses in the range

10722 — 10" ergscm~2 arcsec 2.
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