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SUMMARY

Using the N-body, adaptive mesh-refinement, ray-tracing code Enzo, we studied
the escape fraction of ultraviolet radiation in the early universe. We obtained data from a
simulated cube 1 Mpc across of the early universe during the period known as
reionization. We studied the effects of various galaxy properties on the escape fraction of
ionizing radiation over a redshift period of 7.2 <z < 15. Using the data, we looked at all-
sky maps of the neutral hydrogen and electron density at approximately 637 million years
after the Big Bang. We found that the ionizing radiation escapes anisotropically from
dark matter halos. We then studied the how the escape fraction of ionizing radiation
depends on dark matter halo mass. We found that the escape fraction begins to decrease
as a function of mass. This led us to conclude that high-mass, high-luminosity galaxies
are not a main source of ionizing radiation. Since these high-mass, high-luminosity
galaxies are created when low-mass galaxies combine, we conclude that it is in fact low-
mass, low-luminosity galaxies that are the dominant contributors of ionizing radiation.
They are more abundant and have higher escape fractions of radiation, thus supporting
our claim. We also looked at finer time fidelity for the last 80 million years of the
simulation to discover more about the escape fraction of radiation. We found that the
escape fraction can vary over short timesteps of several million years, which is short in
the cosmological sense. We compared our findings to those of Hinshaw et al. 2012 for
their nine-year WMAP data. Their findings show an epoch of reionization at a redshift of
approximately z = 10. Our results suggest that the main drivers of this reionization are

the low-luminosity galaxies that we have studied in this thesis.
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CHAPTER 1

INTRODUCTION

In the time following the Dark Ages, approximately 150 to 800 million years after
the Big Bang, when the only radiation was from the 21 cm hydrogen line, came a period
of reionization. Stars began to form and radiate, thus creating enough radiation energy to
ionize neutral hydrogen. In order for hydrogen to be ionized photons must have an
energy of 13.6 eV or greater. This type of energy radiates in the ultraviolet (UV) portion
of the electromagnetic spectrum. Previous research [Bouwens et al. 2004] has shown that
a strong source of this reionization is the formation and evolution of high redshift
galaxies. Redshift, z, is a measure of how distant an object in the universe is from the
current time denoted by z = 0. For example, the redshift of the Cosmic Background
Radiation as found by Fixsen et al. 1994 is approximately z = 1089, which corresponds
to 379, 000 years after the Big Bang. This redshift-time relation can be found in
Bergstrom & Goobar’s Cosmology and Particle Astrophysics (Eq. 4.79). As these
galaxies form, radiation can affect the outer regions of the galaxies by heating and
ionizing it, thus creating an H 1l region (for simplification we assume only the ionization
of hydrogen).

This thesis focuses on the amount of UV radiation that escapes from these early
galaxies as they form. It is important to understand what fraction of the radiation actually
escapes in order to further understand this period of reionization. Previous research has
shown that approximately 10% of the hydrogen ionizing radiation escapes galaxies and
this had been thought to be true for all galaxies. However, more recent research has
shown drastically different results. New research has shown that in early dwarf galaxies
the escape fraction of radiation can be up to 80% [Wise & Cen 2009]. This discovery

fosters more questions that need to be researched and are the reason for this thesis.


http://books.google.com/?id=CQYu_sutWAoC&pg=PA77

Previous research [Alvarez et al. 2006] has simulated a single Population 111 star
(Pop 11 stars contains no elements heavier than lithium) and its effects upon the
surrounding H Il region. This research suggests that the escape fraction is dependent on
the stellar mass and that the higher the mass, the greater the escape fraction over time.
Furthermore, the greater the initial mass of the star, the greater the ionizing luminosity
over time. This creates a larger H Il region. The same approach is taken in this paper,
but with several distinct differences. Instead of analyzing simulations containing Pop Il
stars of mass M ~ 60Mg,, at a redshift of z = 20, we studied young (< 20 million years)
Pop Il (metal enriched) stars at redshifts ranging from 7.2 <z < 15. Furthermore, instead
of studying single stars and their effects, we studied whole galaxies that contain these
young stars and compared the results with those of Alvarez et al. 2006. Since these were
early galaxies, they are considered dwarf galaxies and do not behave in the same fashion
as larger galaxies [Wise & Cen 2008]. Also, instead of using the simulation code
GADGET, we implemented the use of Enzo, an adaptive mesh refinement cosmological
code. This code solves both Poisson’s equation and Euler’s equations of hydrodynamics
and uses ray tracing techniques to transport radiation. We will specifically focus on how
the ionization of hydrogen affect the escape fraction and the star formation in galaxies,
where does most of this radiation escape from, what effect does it have on the

surroundings, and how quickly this process occurs.



CHAPTER 2

METHODS AND MATERIALS

Enzo: An Adaptive Mesh Refinement Code

The simulations that were used in this research are created by the radiation
hydrodynamics code Enzo. Enzo is an Eulerian block-structured adaptive mesh
refinement code for cosmological purposes [O’Shea et al. 2004]. This code solves N-
body dynamics via the particle-mesh technique, and it follows the physics in highly
accurate manner. For example, using the fast fourier transform (FFT) and multigrid
techniques, the Poisson equation is solved. Furthermore, with the aid of a modified
piecewise parabolic method (PPM), Euler’s equation of hydrodynamics is solved. Other
physics packages, such as set methods for star formation, UV background, and a myriad
of radiative cooling techniques, add to the accuracy of the code’s simulations. These
techniques are used to artificially recreate how a representative portion of the universe
evolves with time.

Enzo was created to avoid problems encountered when attempting to resolve large
scale objects such as galaxies. Using a single grid to resolve galaxies at approximately
five orders of magnitude of dynamical range can be costly, whereas smooth particle
hydrodynamics lacks in accuracy of shock and fixed mass resolution. Grid-based
techniques using adaptive mesh refinement reduces these problems greatly and allows for
higher-order hydrodynamics schemes. Since the universe is filled with dark matter, it
constitutes a large portion of the large scale dynamics. Instead of using the Boltzmann
equation as a model for dark matter (and other collisionless particles) and considering it
as a second fluid, Enzo uses an N-body method instead. This method follows trajectories

of individual particles controlled by the following coupled equations.

dx‘ﬁ'_
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In the previous equations, X, is the particle position, v, is the particle velocity, and —Veo
is the gravitational force term. For simplicity, equations 1 and 2 are shown without
cosmological terms. A solution to these equations can be found in solving the Poisson
equation:
Vip = 4nGp (3)

The density, p, takes into account both collisionless fluid (particles) and collisional fluid
(baryonic gas). The hydrodynamics implemented in Enzo are detailed by Bryan et al.
1995, however the main features are discussed here. A non-linear Riemann solver and a
version of Godunov’s method are used in order to solve shock capturing. A Friedman-
Robertson-Walker spacetime in co-moving coordinates is used for the conservation of
fluid mass, momentum, and energy. Both the spacetime and Riemann solver are
modified to include gravity. In order to limit inaccuracies in regards to pressures and
temperatures of baryon gas, Enzo solves both the total energy and internal gas energy
equations everywhere on each grid, at all times. This method ensures proper entropy
jumps at strong shocks and furthermore yields accurate temperatures and pressures in the
hypersonic flows, known as dual energy formalism [O’Shea et al. 2004].

Enzo also uses adaptive ray tracing techniques as described by Wise & Abel
2011. Ray tracing is used to propagate radiation from a point source on a computational
grid. This method is only accurate if there are a sufficient number of rays passing
through each cell. Along the ray, the radiative transfer equation is as follows:

13P+3P_ P A
cadt  oar (4)

In this equation, P is the photon flux along the ray. The ray tracing technique that is used
[Abel & Wandelt 2002] progressively splits rays when the sampling of them becomes too
coarse. This splitting is based on a technique called Hierarchical Equal Area isoLatitude
Pixelation (HEALPIix). In this method, the rays are traced along normal directions of the
centers of HEALPIx pixels that divide a sphere into equal areas. The rays are then
initialized at each point source with a photon luminosity equally spread across a number
of rays determined by the initial HEALPix level [Wise & Abel 2011]. The ray

propagates and splits until one of several criteria causes it to cease splitting. For a further



discussion of ray tracing and its coupling with the AMR code Enzo, refer to Wise & Abel
2011.
Simulation Details

The calculations of escape fraction in comparison to various variables were run
with python scripts using the YT module. YT is a data analysis program designed for
astrophysical simulations. The program includes conveniences such as volume
rendering, splicing, and plotting. Since its focus is for astrophysics, the basic units are
cgs and other variables are also set such that they align with astrophysical data. The
toolkit also takes into account multiple physical phenomena such as the accelerated
expansion of the universe and the redshift due to that expansion. This particular data set
simulated a cube 1 Mpc across (1 pc = 3.26 light years). The star forming regions were
followed over a time period of 775 million years and the data was analyzed every 12.5
million years. As previously mentioned, this simulation is analyzed from a redshift z =
15 to a redshift z = 7.2. We calculated the escape fraction by tracing rays from each star
particle to the virial radius of the halo using 768 rays, which corresponds to a HEALPix
level 3. We compute the total neutral hydrogen column density, from which we can
calculate the fraction of radiation that escapes from the galaxy itself.

Since the execution of the code requires a large amount of computer memory, it
could not be run in a timely manner using a regular computer. The Georgia Institute of
Technology’s computer cluster was remotely accessed in order to compile the code and
obtain the data. The cluster used is called “Cygnus” and took approximately three days
for the computer to run the code for all of the data sets and graphs. The code is written to
be run in parallel so that more than one core could be used to compile it. This method
accelerates its execution. In this particular case, 4 cores and 24 GB of memory were used
and the data collection took several days for each run. Due to several setbacks such as
YT updates and miscalculations in the code itself, this compilation process was needed to
be conducted several times throughout the research process. This method helped acquire
the data necessary to investigate the escape fraction of radiation as compared to the star
formation rate, total halo mass, and total stellar mass. Upon the initial inspection of the
data, it has been concluded that in order to obtain a better understanding of the escaping

radiation, the behavior of the escape fraction with respect to time and halo mass at a



higher time fidelity was necessary. The simulation was re-executed with finer time
resolution for the last 80 million years of the simulation. This simulation was restarted
when the universe was 650 million years old. From these data, the following graphs were
created: escape fraction versus halo mass, escape fraction versus time, and halo mass
versus time. Scatter plots of star efficiency multiplied by escape fraction versus halo
mass, escape fraction versus halo mass, and escape fraction versus stellar mass were also

created for the full simulations spanning all the redshifts previously discussed.



CHAPTER 3

RESULTS

Outflow Visualization
In order to better understand how radiation was escaping from the galaxy, it
would be beneficial to visualize it. We used all-sky maps with the observer at the galaxy
center to aid in our interpretation. The following figures show all-sky maps show the
electron fraction and neutral hydrogen fraction, respectively. They are for the third most
massive dark matter halo of the simulation when the universe was 637.5 million years
old.

—2.7 —-2.4 =21 —1.8 - '.5 —1|.2 —0.9; -0.6 —0.3
Column Density [g/ cm? ]
Figure 1: All-sky map for electron fraction of the third most massive dark matter
halo that has a total and stellar mass of 7.25 x 10" Mgy, and 2.46 x 10* Mgy,
respectively. The age of the universe at this point in the simulation is 687.5

million years old and the column density is on a log scale.
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Figure 2: All-sky map for neutral hydrogen fraction of the third most massive
dark matter halo that has a total and stellar mass of 7.25 x 10" Mg, and 2.46 x 10*
Msun, respectively. The age of the universe at this point in the simulation is 687.5

million years old and the column density is on a log scale.

The most important aspect to note is that the electron fraction is highest where the neutral
hydrogen is least dense. These are the areas where radiation escapes from the dark matter
halo and, consequently, the galaxy. Similar to the outflows of a black hole, the radiation
due to the galaxy in this halo mainly escapes from the poles of the galaxy. In this case,
the outflow can be visualized to create a polar outflow of radiation as is the case for most
disk shaped galaxies. This will help to visually understand the process that is occurring

when we discuss escaping radiation in subsequent sections.

Escape Fraction Dependence
As previously mentioned, the goal of this study was to observe whether the escape
fraction of radiation from dark matter halos has any dependence on various properties of
the halo. The escape fraction is defined as the fraction of ionizing photons that escape
from the halo compared to those that do not escape. In this study, the properties

investigated are stellar and halo mass. The following two figures show log-linear scatter



plots of the escape fraction of radiation versus stellar mass and escape fraction versus
dark matter halo mass, respectively. The data for Figure 3 was obtained using the galaxy

mass exclusively due to Pop Il stars that are younger than 20 million years from the

simulation.
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Figure 3: A scatter plot of escape fraction of radiation versus the log of stellar
mass (in solar mass units). The plot shows variation of escape fraction not only
for various masses, but also for various redshifts. Note that the galaxies with the
highest stellar mass are the ones with the least radiation escaping from them and

are also the ones with the lowest redshift.

The plot also covers five redshift ranges as well as mass. As the graph suggests, the
lowest redshift gives the highest stellar mass, which have the lowest escape fraction. We
see that the majority of the escape fraction comes from galaxies having a stellar mass of
10°-10° Mgy, and that the higher mass dwarf galaxies contribute very little to the escape

fraction.
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Figure 4: A scatter plot of escape fraction of radiation versus the log of dark

matter halo mass (in solar mass units). The plot shows variation of escape

fraction not only for various masses, but also for various redshifts. Note that the

highest mass stars are the ones with the least radiation escaping from them and are

also the ones with the lowest redshift.

As with the stellar mass plot, the dark matter halo mass plot shows a similar dependence.
One difference is that the dark matter halo mass plot does not show a distinct mass cutoff,
like the stellar mass plot shows, but a smooth transition to a low escape fraction. Since
these plots have a large scatter, no analytical fit was made to them. However, such was
not the case for the graph in Figure 5. This figure shows a scatter plot of the product of
star formation efficiency (star formation rate per unit gas) and escape fraction of radiation

versus dark matter halo mass.
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Figure 5: A log-log scatter plot of the product of the escape fraction of radiation
with star formation efficiency versus dark matter halo mass. The highest mass

halos are mostly found to be at the lower redshifts (as with the previous plots).

Unlike the previous plots, the plot in Figure 5 is on a log-log scale. Upon inspection, it
was found that this plot has a pattern so a linear relation was fit to the data. The curve
was fit as a linear relation with a slope of m = -0.659 + 0.018 and a y-intercept of b =
1.610 £ 1.026. In order to properly fit this curve, a minimum fg,*fesc Was needed to be
obtained in order to disregard outliers. The following sets of equations describe how the

minimum fsa*fesc Was found. We begin with the definition of Strémgren Radius and

density:
R.= ELJ‘ ” (5)
: 4mng B,
3H:
=—=(1 6
Pe BTIG( +2) (6)
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For this particular calculation, a value of z = 7 was used. The values for the Hubble
Constant, Ho, and the Gravitational Constant, G, are 2.3 x 10™® s™ and 6.67 x 10™ m® kg’
152 respectively. Furthermore, we also know the equation for the virial radius, Rao. We
can solve for it by assuming the Stromgren Radius has to be greater than the virial radius
in order to have radiation escape from the dark matter halo. We can therefore solve Eq.
(7) and set it equal to Eq. (5) in order to obtain the minimum luminosity, L,, of the galaxy
for radiation to escape.
1,

Rapp = (;?ﬁ) N (7)
We can solve Eqg. (7) knowing that Mg = 108Mgn. By replacing Rs with Rygo, We can
solve for L, knowing that £, = 2 x 10" s and ny = 133 m™ from the following relation:

— P
ﬂH_

n a
m,, (8)
Where my = 1.67 x 10%' kg, po is found form the relation in Eq. (6), and Qy, = 0.0449.
Therefore, rearranging Eq. (5) we solve that L, = 2.188 x 10% s™ from the relation in Eq.
9).

_ 4”“?{1'9:&355 9
¥ 3 ( ]

Knowing the luminosity, we can calculate the number of escaped photons by multiplying
the luminosity by the Hubble Time, ty = 700 million years. From Eq. (10) and (11), we
can rearrange to find a relationship for fsar*fesc.
Nyosc = M.fy fose (10)
M, = fgﬂsMEDI}f_‘?rﬂr (11]
Assuming that fgas = 0.1 and f, = 6000, we can use Eq. (12) to find that

fstar*fesc = 67 X 10-7
N
- — V.BEC 12
fl;.l_‘?c Jﬂ'tﬂ?" f}.- fQEEMgﬁD ( j
Using this value as a baseline, a curve could be fit through the data above this value of
fstar*fesc @S Seen in Figure 5. The errors to the curve were also graphed as seen with the
blue shaded region. The error in the slope of the curve was neglected when the errors

were graphed. Notice that both in Figures 4 and 5 there is a distinct decrease in the

12



escape fraction and the product of escape fraction and star formation efficiency as halo
mass increases.
Higher Time Fidelity Analysis

For the finer time resolution results, the data for the last 80 million years of the
simulation were closely studied. As can be seen from Figures 6 and 7, there was
evidently a burst of star formation at 665 million years, whose massive stars died 20
million years later. This burst creates a spike in the escape fraction during this period.
Then, we see a sudden drop in both the galaxy mass and the escape fraction. This is
presumably a supernova, or some other high energy event, which blows out mass from
the halo.
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Figure 6: A graph of the escape fraction as a function of time for the last 80

million years of the simulation.
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Figure 7: A graph of the escape fraction as a function of dark matter halo mass for

the last 80 million years of the simulation.

The similarities in the graphs of Figures 6 and 7 are expected. Since the galaxy is
growing in mass over time, there are more objects to create radiation, thus the escape
fraction increases as a function of both galaxy mass and time between 665 and 685
million years. The following figure shows a graph of this mass over time dependence.

14
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Figure 8: A graph of the dark matter halo as a function of time for the last 80

million years of the simulation.

In Figure 8 there is a clear increase of halo mass as a function of time. We also see an
increase in the halo mass accretion, starting at 680 million years, creating a “s-shaped”
curve instead of a linear one. This accretion event sparks another burst of star formation
that is also seen in the increase of the escape fraction. The process begins again at
approximately 700 million years, however this time we see that the escape fraction is not
as high as it was before. There are several things that can alter this. One reason is that
not as many stars are being formed during this cycle since some of the material could

have been blown out in the previous supernova.
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CHAPTER 4

DISCUSSION & CONCLUSION

Using the N-body, adaptive mesh refinement, ray-tracing code Enzo, we
successfully studied and analyzed a cosmological simulation, which covered a volume of
1 Mpc® and spanned 775 million years. In this simulation, we followed the effects that
Pop Il stars that are 20 million years or younger have on their host galaxy. The evolution
of these stars and the galaxies were investigate in a redshift range of 7.2 <z <15. Our
goal was to study the escape fraction of ionizing radiation and its dependence on various
properties such as dark matter halo mass and stellar mass. Taking a shap shot at
approximately 637 million years, we looked at the third most massive dark matter halo
with a total mass of 7.25 x 10" Mg, and a stellar mass of 2.46 x 10* Mg, to see where the
ionizing radiation was escaping from via an all-sky map. We see that the ionized regions
coincide with the lowest column densities of neutral hydrogen. As seen in Figures 1 and
2, most of the ionizing radiation is escaping from the poles; however that is not always
the case. In fact, further studies of other dark matter halos all-sky maps, we found that
the ionizing radiation escapes from the halo in anisotropic manner.

Next, we found and analyzed the dependence of the escape fraction of ionizing
radiation as a function of stellar mass and dark matter halo mass. We also investigated
the dependence of the product of escape fraction of radiation with the star formation
efficiency. The galaxies that were studied in all three of these experiments contained Pop
Il (metal-enriched) stars whose ages were 20 million years or less. As can be seen from
the scatter plot in Figure 4, there is a clear dependence of the escape fraction of ionizing
radiation decreasing as a function of dark matter halo mass. In some cases, such as where

the halo mass is ~ 107"°

and greater, the escape fraction is only 0.1 or less. This means
that large mass halos are not the primary source of reionization in this redshift range.
From this we conclude that the main sources of reionization are the low-mass (low-
luminosity) galaxies because we see that they have a higher escape fraction of radiation.
To further show that the main source of ionizing photons comes from low-mass galaxies,
we look at the results of Reed et al. 2007. We look at the dark matter halos whose mass

is greater than 108Ms, since radiation of the halos with a lower mass does not allow them

16



to cool enough to form stars, thus fesc = 0. At this halo mass Reed et al. 2007 has shown
that the number density of halos (nnaio) is inversely proportional to the halo mass (Mzoo).
We also see from Figure 5 that fsa*fesc is proportional to Myoo™’. With these relations,
we can approximate the total number density of photons per unit volume

Ny = Nhato*M200*fgas™f, *fstar*fesc.  Considering fgas and f, as being constant (like in section
3), we see that n, is proportional to Mago®". From this, we can conclude that the majority
of ionizing radiation comes from the low-mass galaxies. Moreover, we also know that
formation of large-mass halos occurs hierarchically, meaning that small-mass halos
combine to form these large-mass halos. In this well-established model, we deduce that
the abundance of small-mass halos is larger than that of large-mass ones. This
dominance in abundance, alongside a higher escape fraction of ionizing radiation, brings
us to the conclusion that it is the small-mass halos that dominate reionization. This
conclusion is further reinforced by the scatter plot in Figure 5 where we see a clear
decrease of the product of the escape fraction of radiation with the star formation
efficiency. This plot confirms our findings that the main contributors to reionization are
high-redshift, low-mass dark matter halos.

The next step was to look at a higher time resolution of the data for the more
massive, dwarf galaxies. We studied the last 80 million years of the simulation and
observed the behavior of the escape fraction of radiation in more detail. We see that the
escape fraction evolves with time in a similar fashion that halo mass is evolving with
time as shown in Figures 6 and 7. The reason that we see a burst of escape fraction
during the stellar formation is due to the gradual expansion of the H |1 region. As stars
form, their photons ionize the gas around them creating an ever-growing H Il region.
Over time, the combination of all the stellar formation in the galaxy make the H 11 region
grow larger than the dark matter halo itself. This “break out” of the H II region is the
reason we see ionizing radiation escape from halos during star formation. It is interesting
to see that the escape fraction can vary on such a short cosmological timesteps as seen in
Figure 6. As we have already noted, the escape fraction of radiation is relatively low in
during this time, it does not get much above 0.13. We also note that there is some
periodic increase in the escape fraction as we see galaxies producing in a bursting

manner. We further note that the galaxies do not produce the same amount of stars
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during each cycle since some of the material is blown out due to supernovae, stellar
winds, and various other factors.

In a recent study by Hinshaw et al. 2012, the nine-year WMAP observations were
used to further study the fundamental cosmological model and the conditions of the early
universe. In their study they found the redshift for the reionization period to be
approximately z = 10 as can be found in Table 2 of Hinshaw et al. 2012. Using the data
in this thesis, it can be suggested that it is the low-luminosity, low-mass galaxies that are
a key component in this epoch of reionization. Galaxies at this redshift contributed a
significant amount to the escape fraction of reionization as seen from Figures 3 and 4.
We suggest that future research should focus on these low-luminosity galaxies;
particularly paying attention to the ones with a redshift z> 10. Further research on this
topic will significantly help us understand the period of reionization and the early

universe as a whole.
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