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Abstract

Damped Lyman-alpha absorber systems (DLAS) aregthioto be one of the best
probes to understand structure formation in thé/ eariverse. DLAs are defined as such
systems with neutral hydrogen column density NgHBx10”° cmi®. They have also been
considered to be the most important neutral-gasrves for star formation at high
redshift, and the key to uncovering the mysterytlud progenitors of present-day
galaxies. For many years, there has been a debateemature of the galaxies causing
these absorptions at high redshift. One idea is@h#s are small proto-galaxy clumps
formed in the process of hierarchical structureniation. Another idea is that DLAs can
be best explained with rapidly rotating, large,dcdisks of galaxies. It is believed that
through full understanding of the mechanism thatti the processes, we are able to
construct the history of galaxy evolution. In ordertest on these ideas, we used high-
resolution AMR (adaptive mesh refinement) hydrodgitg simulations to study
kinematics properties and abundances of DLAs ashitdz = 3. Our simulations are
based on standard cold dark matter cosmolog@OM), and include full radiative
transfer and star formation/feedback recipes, wiaigh considered to be the two key
ingredients to solve the low velocity-widths prablefound in previous numerical
simulations. Our results show that although we abée to reproduce the observed
column density distribution, our velocity widths earstill much lower than the
observations. Further more, we plot line profilerotigh the points with highest radial
velocities, which we believe are in the violentrsia galaxy forming regions. From the
single line profile, we can see some star formé#fig@uback effects by comparing the
simulation runs with and without star formationtfeack. However, in a larger picture,
these effects are not very obvious. This is propahle to the small volume size and
insufficient grid-resolution. We conclude that & essential to include full radiative
transfer in order to reproduce reasonable HI colamnsity distribution, and for further
simulations, we should have larger volume size, modh higher resolution in order to

resolve substructures such as star forming regiosspernova explosions.
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Chapter |

I ntr oduction

Absorption lines in spectra of distant QSOs (qésilar objects, or quasars) can
be used as an efficient tool for probing structiomenation in the early Universe. QSO
absorbers are usually classified according to theitral hydrogen column densities
N(HI): Ly-alpha forest absorbers correspond to N¢HLO' cmi®, Lyman limit systems
have 10" < N(HI) < 2x1G° cm® and damped Lyman-alpha (DLA) absorbers correspond
to N(HI) > 2x1G° cm®. Most neutral hydrogen at high redshift is foundLAs. On the
other hand, the Ly-alpha forest contains highlyzed gas and is optically thin to Lyman

limit (and higher energy) photons.

For many years, DLAs have been considered an rtaponeutral gas reservoir
for star formation at high redshifts. Stars arakaty to form out of hot ionized gas; they
tend to condense from cold neutral gas clouds.éefbes, it is necessary to have a large
amount of neutral gas present in a star-formingpred@LAs are also thought to be likely
candidates for high-redshift progenitors of preskayt spiral disk galaxies. It is believed
that through study of DLAs we'll be able to undanst the early evolution of galaxies.

Formation of galaxies in the early Universe hasnb&eubject of active debate,
and several models have been proposed to explaimature of DLAs. One school of
thought is that DLAs are small proto-galactic clungpe. dwarf galaxies) produced in the
process of hierarchical structure formation in thaverse (with circular velocity <
100 km/s). Another school of thought argues thaiABlcan only be caused by large,
rapidly rotating, cold galactic disks (withc¥ ~ 225 km/s). Prochaska & Wolfe (1997)
investigated the metal-line kinematics and profisymmetries of absorption lines, and
made this latter conclusion. Hierarchical modelgafxy formation, on the other hand,
predict that such massive disks are rare at zPré&haska & Wolfe also suggested two

important tests that can be applied to most hibreat structure formation models:



whether these models can reproduce the observextityelwidth distribution, and

whether they can account for the observed asymasatrithe absorption line profiles.

However, Haehnelt et al. (1998) showed that utagproto-galactic clumps ¢v:

< 100 km/s) could reproduce both the observed wJglowidth distribution and
asymmetric profiles of the absorption lines. Thiegnt argued that the idea that DLAs at
high redshift are related to large, rapidly rotgtidisks with \ > 200 km/s is not
supported by observations. In their models, theuired large velocity widths were
produced as a result of rotation, random motiomfgllj and merging. The asymmetries
were mainly caused by random sampling of irregulensity and velocity fields of
individual halos, and by intrinsically asymmetriondigurations arising when two or
more clumps collide with each other. They found tiha typical velocity dispersion of
the dark matter halos required to give rise todisé&ribution of DLAS is about 100 km/s,
and most of the standard hierarchical structureddion scenarios can easily reach the
goal. Although the irregular proto-galactic clummadels seem to fit observations well,
there are still some reservations. Despite thejin Ispatial resolution of 1 kpc and a mass
resolution of 5x10M(solar), their simulation used a very small vokusize (2 Mpc), and
this may not truly represent typical DLAs in thesnwlogical context. High resolution is
important for getting the rich substructure witkine DLA region induced by the mergers
of proto-galactic clumps in hierarchical structiwmemation scenarios. Furthermore, they
did not include energy and momentum feedback dwtaioformationAnother important
feature not included in their simulations is rag®transfer of the ultraviolet background
(UVB). Instead of full transfer, they assumed apgenuniform radiation field with self-
shielding above a critical density. This assumptiinectly affects the results of DLAs
cross-sections, and therefore it is uncertain wdrath not their numerical simulations are

reliable.

In earlier studies based on hydrodynamic simulatiom a cold dark matter
(CDM) model with a range of column densities froft*lcmi® to 107 cm™, Katz et al.
(1996) and Hernquist et al. (1996) could reprodtiee observed HI column density



distribution within a factor of a few. They usednare complex self-shielding correction
showing that at low column densities <*16m? the correction is rather small and the
Ly-alpha forest naturally arises in the hierarchisgucture formation of the CDM
Universe. On the other hand, damped Lyman-alphalgntan limit systems, with Hl
column densities10'cmi®, are developed from radiatively cooled gas indfuke dark
matter halos, and the correction factor can be lage (up to a factor of 100). However,
their calculations had very poor mass resolutioh@f M(solar)/h.

Gardner et al. (1997, 2001) extended these eadmilts by developing a new
method to correct and to account for absorptiohalos below the resolution limitations
of the simulations. Their basic idea was to meatheaelation between the DLA cross-
section and the halo circular velocity in their lpalynamic simulations and then
convolve it with the Press & Schechter (1974) amalyalo mass function to obtain the
cumulative abundance of DLAs in a large simulatimiume. They were also able to
reproduce the observed DLA abundance only if tlemuired a cut-off circular velocity
of haloes Vi = 60 km/s. This is to say that under this cutva@fue haloes do not host
DLAs. This value of circular velocity correspondsa mass M ~ 2x®M(solar)/h. The
question is, in reality, whether halos with magselew 1G° M(solar)/h might still host a
significant number of DLAs. Since their simulatioosuld not resolve haloes with
masses below this threshold, the abundance of DdoAdd be either overestimated or
underestimated. Therefore, simulations with higbohetion are indeed needed for the
further studies of DLA abundance.

Recent studies of Nagamine et al. (2004), howelidrnot use any correction for
self-shielding. Instead, they use a new ‘consereatintropy’ formulation of smoothed
particle hydrodynamics (SPH) developed by Sprin§elHernquist (2002), which
basically conserves entropy, momentum and energig ffeatment moderates the over-
cooling problem seen in early SPH simulations. Thksp use a two-phase inter-stellar
medium (ISM) model consisting of cold clouds witth@ ambient phase, with each gas
particle representing a statistical mixture of caldl hot phases. In the ISM, cold clouds



grow through radiative cooling and that suppliesybas needed for star formation.
When star formation occurs, supernova explosioas tteposit energy back into the ISM
and heat up the surrounding gas. As the cold ghsased up, it then transitions back to
its ambient phase. Galactic winds are also includtdthe models in order to study their
effect on DLAs, galaxies, and the intergalactic med(IGM). These outflows from high
redshift galaxies play an important role in depogitmetals into the IGM and affect the
neutral gas distribution around the galaxies. Thesults for the total HI mass density,
the abundance of DLAs, and the column density iigtion function agree well with
observation at redshift z = 3. Similar to earli¢udses by Katz et al. (1996), they
conclude that DLAs arise naturally from radiativetyoled gas in dark matter haloes that
form in the CDM Universe. However, they also indécha significant drop-off in the
DLAs abundance from redshift z = 3 to z = 1, angleak evolution fromz =1to z = 0.
Their highest resolution simulation suggests thatdut-off halo mass for which DLAs
do not exist is slightly above ®(solar)/h at z = 3 ~ 4, which is lower than pms

estimates.

Although some of the simulations mentioned abayee well with observations,
none of them have accounted for both kinematics gel cross-section properties of
DLAs in the same numerical model. Moreover, thdieaDLA simulations have only
taken into account absorption by neutral gas ifated galaxies. We should not exclude
the possibility that a significant fraction of DLA®uld be caused by neutral gas in tidal
tails in galaxy mergers (Maller et al. 2001), oeeun filaments where the gas is still
falling into dark matter potential wells (Razoumet al. 2005). Another problem of
earlier simulations is that they do not includd faldiative transfer. Although some of
them apply a self-shielding correction methods itill not clear how these self-shielding
methods compare to models with full radiative tfandt has been shown that radiative
transfer effects could play an important role irsmological simulations (Razoumov,
2005).



Razoumov et al. (2005) presented new high-resolusimulations of damped
Lyman-alpha systems at redshift z = 3 using thepta mesh refinement (AMR)
Eulerian hydrodynamic cosmological simulation c&d¢ZO (Bryan & Norman 1999; O'
Shea et al. 2004). These simulations included rmbghe key features required for
modeling neutral gas in high column density absoslgstems (i.e. dark matter dynamics,
hydrodynamics, self-gravity, cooling and heatinggag, continuum radiative transfer of
the UVB above the hydrogen Lyman limit, and gasnheisery.) They did not include star
formation and feedback; instead their work focusedhysical complications related to
radiative transfer, as well as the effect of vaviad in the comoving volume size and
numerical resolution. This study arrived at sevaémgbortant conclusions. First, it was
found that models show a systematical trend in eoyence towards the observed
column density distribution with increasing gridsoéution. Second, they found that not
only the self-shielded halos can give rise to DLBat also tidal tails in mergers and
various quasi-filamentary structures which oftempegr to be self-shielded against the
UV background can produce DLAs. Third, they finaittithe mass cut-off threshold of
halos for retaining neutral gas is ~ 7%2(solar)/h, which is lower than the previously
reported estimates of M > 2xf0M(solar)/h from Gardner et al. (1997, 2001), and M
>10° M(solar)/h from Nagamine et al. (2004). Finallyey showed that models with full
radiative transfer produce much higher DLA velooiidths than the commonly used
self-shielding methods. On the other hand, theidet® produced much lower velocity
widths compared to observations. Their velocity thédextend only to about 100 km/s,

whereas the observed DLAs have a non-negligiblelladpn extending to 180-200 km/s.

This problem with low velocity widths can be alsoupled to the infamous
angular momentum problem in numerical galaxy forama{detailed references can be
found in Sommer-Larsen, 2003), which is one of timsolved problems in modern
astrophysics. In the widely accepted hierarchicaverse model, galactic disks form in
the potential wells of dark matter halos as baryord and collapse into structures. Fall
& Efstathiou (1980) showed that only when the qudiag gas retains most of its original

angular momentum, can galactic disks match theradeamount of angular momentum

5



to account for their observed spatial extent. H@vemost of the numerical simulations
in CDM cosmology with the collapse scenario indec#lhat, when simulations only
include radiative cooling, the infalling gas loge® much of its angular momentum,
producing disks which are too small compared toeolaions. This is known as the
angular momentum (AM) problem of disk galaxy formaat One reason for this problem
is that, at early time, gas cooling occurs rapuile to the larger gas densities, and the
rate of inverse Compton cooling is large at higlisheft. This leads to a rapid
condensation of small, dense gas clouds, and b#feyeever get to merge to form disks
they lose their energy and angular momentum tosthreounding dark matter halo. In
order to prevent the collapse of small, dense dpaad for them to preserve a large
fraction of their angular momentum, we need newegmanism. Weil, Eke & Efstathiou
(1998) suggest that if early radiative coolinguppgressed, the numerical simulations can
yield more "reasonably sized" disks. However, thgsical mechanism of suppressing
radiative cooling is unclear. Another solution wsisggested by Sommer-Larsen &
Dolgov (2001), by changing from the current CDMmadogy scenario to the warm dark
matter (WDM) scenario. What is the best physicacmamism for suppressing early
cooling? Can WDM cosmology solve the problems weoenter in CDM cosmology?
Although these two questions remain unanswereg,dhe us a direction to think for the

next step.

Another notable result from Prochaska & Wolfep20s that after comparing
their observations of the kinematic characterist€DLAs with results from earlier
numerical SPH simulations (Haehnelt 1998, Gardidé1®, they found that simulations
failed to match the observed properties of DLAstHeir discussion, they highlight two
competing constraints on galaxy formation scendrm% observations. First, in order to
match the observed number of DLAs, the mass spaatnust include enough low-mass
halos. On the other hand, the number of low makssithat can contribute to DLAS is
limited by the velocity-width distribution. Altholgearlier SPH simulations show good
agreement with either of these two constraints, gheulations cannot satisfy both
constraints simultaneously. Prochaska & Wolfe pount possible problems with these



simulations: incorrect determination of the crosst®nal dependence of dark matter
halos which contain DLAs, or the faulty determipatiof circular velocity limits and
velocity widths. They suggest several possible tgmis to the problem: (1) introduce
other substructure physics to eliminate neutral fga® within the low mass halos, (2)
include star formation and star formation feedbauid finally (3) run the simulations
with a larger cosmological volume (> 20 Mpc/h) drigher resolution to resolve more
substructures with DLAs in detail.

My research is an extension of the work done Byd@mov et al. (2005), except
that we use a newer version of the AMR code ENZOiclvincludes the effect of star
formation (implemented in the new "star maker" disthr feedback" routines) to
investigate whether star formation and feedback e#fect the column density
distribution and the velocity widths. However, la¢ tcurrent stage, we can achieve only a
relatively low base grid resolution of 6#ith 7 levels of refinement by a factor of two in
the co-moving box size = 4 Mpc/h (This is due torsfige of time, and unavailability of
supercomputing resources). In Razoumov et al. (RO maximum grid resolution was
128 with a maximum of seven levels of refinement andoamoving box size of 8
Mpc/h. In the near future, we should be able totheesame grid resolution, and our final
goal is to achieve a grid resolution of 35@ith at least 7 levels of refinement, in
combination with a larger volume size -- this oucse all depends on availability of
computing resources. All our simulations were ruthvgtandard flat, cold dark matter
cosmology ACDM), assuming a total matter density (baryons +)IM = 0.3, a dark
energy density2, = 0.7, a baryon densify, = 0.045, and a Hubble constant h = 0.67.

The goal of this thesis is to study whether $tamation can solve the low
velocity-width problem. This thesis is organizedf@tows: In chapter Il, | review QSO
absorption line systems with examples and expla@ir tproperties in more detail. In
chapter Ill, | review some of the basic physics &tar formation, star formation
feedback, and show the examples how star formatifects our simulations. In chapter

IV, | review the methodology behind radiative trlamsand related issues in cosmological
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simulations, such as local vs. background heatmghapter V, | give some background
information on the numerical AMR simulation code ZD we used, and the initial
conditions setup. And finally, in the last chapteshow our simulation results, analysis,

compare them with current observations and drawlosions.



Chapter |1
QSO Absorber Systems

Quasars are very luminous point-like sources, flybshe brightest optical
sources in the known universe, and have very redshifts indicating that they are very
distant from Earth. Quasars also emit very strolegtemagnetic radiation at various
wavelengths. That is why they are considered tthédest source of light with which we
can probe the physical properties of the universabsorption, such as the cosmic
chemical abundances, and history of star formatioris believed that quasars are
powered by accretion on supermassive black holdter Ahese black holes stop

significant accretion, quasars become normal gasaxi

2.1 Typesof Line Systems

There are several types of QSO absorption lineesyst Lyman alpha forest,
Lyman limit, and damped Lyman-alpha systems. In ltter section, | will discuss
properties and characteristics of these absorfiiensystems. However, in our research,
we focus on searching for DLA lines. | will discus®re in detail why we look for DLA
lines and why these lines are important. | willoafgve more examples to show DLA

properties.

2.1.1 Lyman-alpha forest

Lyman-alpha forest lines are numerous weak lineanfrvery low-density
hydrogen clouds, which are partially or fully ioe@z The “forest” is due to the fact that
photons, which come from the distant quasar, sh@wHubble redshift that depends on
the distance between the observer and the quasarLyiman-alpha forest absorbers are
selected for HI column densities smaller thal tén”.

2.1.2 Lyman limit systems(LLS)
LLs are very rare and exhibit strong hydrogen gisom line regions with
relatively high column density between"in?and 2x16° cmi*

9



2.1.3 Damped Lyman-alpha absor ption (DL A) systems

Similar to LLs, DLAs are very rare and strong hygeo absorption line regions
with column densities greater than 2¥18m? DLAs are very interesting systems as
they have very strong and wide damping wings inabserved absorption line profiles.

DLAs are thought to be progenitors of disk galaxies

In order for stars to form in the interstellar gdsuds, it is crucial to have neutral
gas since stars would not form out of ionized §#kat makes DLAs unique from other
absorbers is that they contain most of the nelydfogen gas while the other type of
absorbers contain mostly ionized gas. This leads believe that since DLAs dominate
the neutral gas content of the universe, they arengortant neutral gas source for star
formation at high redshifts.

From Figure 2.1, we can see continuous spectrui diStant quasar, showing
different absorption lines. On the right side of gpectrum, around the wavelength 285
nm, we can see the Lyman-alpha emission line. Tdsvéine left from Lyman-alpha
emission is the Lyman-alpha forest, with a seriew@ak absorption lines. Next to the
Ly-alpha forest, around 260 nm, there are a few &wyiimit lines. And finally at
wavelength 225 nm, we see this strong, deep, darhgethn-alpha line. Because all
these absorbing clouds have smaller redshifts tiamuasar, they are closer to us. As a
result, their absorption lines are all on the hlwerthe shorter wavelength side of the

guasar emission line.

Similar to Figure 2.1, Figure 2.2 is another quasgectrum from the Keck
Telescope. We can see a series of Lyman-alphahmsolines. Near the center, we also
see a very clear, strong DLA. The second part isffigure shows the metal absorption
lines from heavy elements, such as C, Si, Mg, Al &e...etc. They are mostly from
merging galaxies. These metal absorptions linesettae chemical content history of
these cloud systems through various chemical amoega

1C
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2.2 Distribution of Column Densities

At high redshifts, we can distinguish neutral gasrf ionized gas by looking at
the HI column density. If the HI column densityléss than 2x10 cm?, the gas is more
likely to be ionized. If the HI column density isegter than 2x18 cm?, the gas is more

likely to be neutral. The 2x¥bcri*threshold is indeed significant.

Figure 2.3 shows the distribution of these threeitnra¢ hydrogen column
densities. Note that the Ly-alpha forest is optyc#hin to Lyman limit systems (and
higher energy) photons. In our research, we ontyigoon searching for DLA systems.
Therefore we set the threshold 281@m? in our simulation code to find DLA

abundance.

Distribution of Column Densities

10° T T T T T T T T

1
1070 B
COLUMN DENSITY (cm 7)

Figure 2.3 Distribution of I column densities. (Hu et al. 19!
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The observational data were taken from the SOE&a( Digital Sky Survey).
Figure 2.4 shows an estimate of the column densstyibution f(N, X) from a sample of
over 600 damped Lyman-alpha systems. The figuestisws the three possible best-fit

functions to describe f(N, X). Below are the foratidns of these three best-fit functions:

1. Single power-law functionf (N, X) = k,N**
2. T Function: f (N, X)=k,(N/N,)**exp-N/N, )
3. Double power-law functionf (N, X) =k;(N/N,)”

wheref = azwhen N < N andp = oswhen N> Ng

We will compare our computational results to theSSCDLA data fit with thd”
function with z=2.5t0 3.0, and z = 3.0 to 3.5.

ey -
- 3
-22 F =
: :
o -23 F 2
< - .
= : :
oI C ]
o £ h
S -24F 3
F 7
F  — Single power-law 3
-l I' function 3
- --- Double power-law
-26 S R N — G g g g
20.5 21.0 21.5 22.0
log N,

Figure 2.4 The HI frequency distribution(N,X) for all of the damped Ly-alpha
systems identified in the SDSS-DR3_4 sample (atindidz = 3.06).
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2.3 Formalism

To derive an expression for the column densityrithigtion, we first define the
number of absorbers per line of sight with HI cotudensities in the interval (N, N+dN)

and redshifts in the interval (z, z+dz) as

dN(N, 2) = Nying (N, 2)A(N, 2)(1+ 2)|c dt/ dz dNdz,

moving

wheren, ;.. (N,z)dN = the comoving density of absorbers in the inteMaN+dN) at

redshift z, and A(N,z) = the absorption crossisecat (N, z). We define
dX = (H,/c)(1+ 2)*|cdt/dZ dz.

If we write AN(X) _ INW dNf (X, N), we then have
dXx N

f(N,X)=(c/H,)n

comoving

(N, X)A(N, X).
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Chapter 111

Star Formation

Star formation often leads to very energetic astysizal processes (i.e.
supernova explosions, stellar winds, UV radiatithrgt can ionize or expel neutral gas,

preventing it from future condensation.

3.1 Star Formation Rate Evolution

Many theoretical and observational studies show ti cosmic star formation
rate rises towards high redshift, even beyond z éNagamine et al. 2004) This means
that conversion of gas into stars occurs more hapidthese high redshift galaxies. It is
thought that star formation has a very strong tmithe evolution of clusters of galaxies
through metal enrichment of the intergalactic madi$ince DLAs dominate the neutral
hydrogen content of the universe at redshift z th8y are considered to be an important
reservoir of HI gas for star formation at high rfeifts This is the reason why we study the
abundance of DLAs using a series of cosmologicaRA8mulations while varying star

formation and the feedback strength at redshift3z =

Figure 3.1 shows the star formation rate evolutisnredshift and time. We can
see that the star formation rate reaches its marirauaround redshift z = 3. Although
the star formation rate beyond z = 3 is still nlatac, the occurrence of numerous star

forming activities at redshift z = 3 is certain.

3.2 Star Formation in Simulation Codes
Here | describe the numerical method we use tdestar particles in our code.
We create stars according to the following selectioteria:
(1) check to see if it is the finest level of adepmesh refinement,
(2) check to see if the density is greater tharcthieal density,

(3) check to see if the flow is convergent in teé,c
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The Star Formation Rate Evolution

Redshift
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Figure 3.1 The star formation rate evolution.

(4) check to see if the cooling time is less tHandynamical time

fo= 37 here dis the density
N 32Gd,, dm is the dark matter density,
and tyn is dynamical time

d, =d+d_,

(5) check to see if the gas mass is greater treaddhns mass

If all conditions above are met, and the gas madghe cell is greater than the
threshold, then a star particle is created. Thgnara then sets the particle metal fraction,
and removes the mass from the grid. If not, theanm will go to the next cell and will

repeat the same process. Figure 3.2 is a flow diatie star formation process in the

code.
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Figure 3.2 Star formation processes.
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3.3 Star Formation Feedback
If star particles are created over a long periotiroé, the program assumes that
these particles would actually lose their mass dawvee exponentially due to feedback

(i.e. winds, supernovae).

We first determine how much gas would turn inta g@articles during the time-

step.
t—t
X = : t = current tim
dp tep = creation time of particle
t+dt-t, tgp = dynamical time of zone in which particle created
X2 = t, dt = current time step
p

We then calculate the initial mass of the stariglart
m
Myitia = : - !
{l— My [1—(1+ X, )€ ’“J}

where mgject= fraction of the stellar mass ejected back ihtodas (wind, supernovae),

and my = new particle mass.

Finally, we calculate the star particle mass fornmetthe time-step:

Meorm = Mhitial {[(1+ xll)e%l ] - [(1+ M) e ]} ,

the remaining particle mass then becomes,

mp = mp - mformrnaject .
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Chapter 1V

Radiative Transfer

Radiative transfer plays a very important role iany astrophysical processes
such as cosmic reionization, regulation of stamfairon in high redshift systems,
evaporation of planetary disks, and formation oéngltary nebulae... In order to
understand the early reheating and reionizatiothefintergalactic medium (IGM), as
well as structure and evolution of high redshifsaiption systems, many simulations
have been performed. However, radiative transféactef have either been ignored or
treated as a simple self-shielding correction irststmulations.

Although many approximations have been developadh ss space-averaged
fields, self-shielding corrections, and the difusiapproximation, these approximations
do not account for full multi-dimensional radiatitransfer and therefore cannot provide

accurate results, especially when compared to oéisens.

Modeling radiative transfer and feedback in cosmicia hydrodynamical
simulations with good accuracy is crucial, andridyed to be extremely challenging in
the present work. In the following sections, | wiltroduce some basic formulations of
radiative transfer, describe how radiative transgerimplemented in the numerical
simulations, and finally | will compare the simudat results with and without radiative

transfer.

4.1 Radiative Transfer For mulation

The classical transfer equation was proposed byhKoff (1860)

}aIV-Fﬁ'VlV:EV—KVlV )
c ot

18



where, |, = I (t,X,N,v) is the intensity of the radiation field, is a unit vector along the

direction of ray propagating through spaeg,is the emission coefficient, ang is the

absorption coefficient.
To adapt it to cosmological problems, Abel & Normér998) rewrote this

classical radiative transfer equation in the nesmnfo

1, AV, HO(A 5\, o g
c ot a c ov

whereH (t) =2 is the time-dependent Hubble constant, and
a

_ 1+z_. . . . . .
a :% Is the ratio of cosmic scale factors between phetmission at frequency
+z

v and the present time t.

There are two modifications in this equation coregato the classical radiative
transfer equation. First of alf in the second term accounts for the path-lengtmgha
along the ray due to the expansion of the unive8geondly, the additional third term
represents cosmological redshift and dilution. ddaig this equation into cosmological
simulations proved to be very challenging, espBcaansidering the high dimensionality
and high angular resolution needed in such sinarati Therefore, it is necessary to
develop some approximations to accomplish the task.

Comparing the second and third terms of the matiiéiguation, we find that on

small scales the Hubble flow is negligible and \aa satisfy the conditiofv ZIV <1, for

|4

continuum radiation. Furthermore, for constant gitson and emission, the time
derivative term can also be dropped for simplicitherefore, all that is left is a static
transfer equation:

n-Vl, =¢, —xl,. (3)
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However, this equation needs to be used with cauAbsmall distances from the
point source, this simplified case would break dpwimce the ionization front would
expand faster than the speed of light. To avoid firoblem, one does not evolve

ionization fronts very close to sources.

Let us decompose the radiation field into a potirse component and a diffuse
component:

=17+, (4)
where 1 ¥¢is highly anisotropic, and®" is nearly isotropic.

Using the linearity of the radiation field, we camte the transfer equation for the
diffuse component as
A-VIE =k, (S - 1), (5)

A-VISS = x| 5. 6)

For point sources, all photons stream radially amedcan compute transfer as

simple attenuation along the radius. I—@reg—v iIs the source function. For
K.

v

x,(X) = const, equation (6) can then be solved with a simplédyginasolution:

1,00 =1,00)e" =1, (x)e ™. (7)

4.2 Radiative Transfer in Simulation Code
Figure 4.1 is an example of a flow chart for a giveomputational cell in

simulations (Mellema et al., 2005).
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v

Test for convergence

v

Advance to next cell

Figure 4.1 Flow chart of radiative transfer.
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Our simulations involve two steps associated wathling and heating. In the first
step, the Enzo simulations solve the local heafjlogyv angular resolution) with
hydrodynamic equations simultaneously. Several isoder uniform ultraviolet
background radiation have been implemented, ang doea good job coupling with
hydrodynamics. The disadvantage of radiative temgf Enzo is that we can only
assume the UVB from the local environment and ngmire the sources from outside of
the volume. Therefore, in the second step, we tak@utput from Enzo and post-process
it with another radiative transfer code at highegwar resolution. This radiative transfer
code assumes that the UVB sources are outsideolbeng. The code uses the updated
radiation field to compute the ionization structared temperature and then iterates until
the equilibrium position of HI, Hel and Hell ionizan fronts are found. In order for the
UVB to reach convergence, at least 10~20 iterattvaseeded.

Figure 4.2 shows the convergence of the UVB throughations. The UVB
converges quickly and reaches a plateau at araenation 20, and after that remains

rather constant.

Transfer Convergence

1.2

0.8
0.6 -

uvB

0.4 1
0.2

O v T T T T
0 10 20 30 40 50

Iterations

Figure 4.2 Radiative transfer convergence.
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4.3 Comparison of Column Density Map with and without Radiative Transfer

In our simulations, in addition to varying the siamation/feedback efficiency,
we also compare the same models with and withdlutaidiative transfer. The results
show that, without full radiate transfer, we obtainch lower HI column densities and
smaller velocity widths. With full radiative tramsf we can reproduce the observed
column density distribution and obtain more reaigelocity widths compared to the
ones without transfer. Figure 4.3 shows the pregeaeutral hydrogen column density
map without running through full radiative transfand figure 4.4 is the same model but
with full radiative transfer. The color scale o tight shows the column densities. The
DLA range is around the color light green and lighte. Comparing these two figures
we can see the latter one (with radiative trangfentains more DLAs than the one

without radiative transfer.

25.00

25.00

19.00

17.00

15.00

13.00

Figure 4.3 Projected column density map withoutrfadiative transfer.
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Figure 4.4 Projected column density map with fatliative transfer.
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Chapter V

Numerical Simulation

5.1 AMR-Enzo

Enzo is an MPI-parallel three-dimensional Euleribgdrodynamics block-
structured adaptive mesh refinement (AMR) cosmologge. This code is written in a
mixture of C, C++, and Fortran languages, with kiglevel functions and data structures
implemented in C++, while computationally intensilewer level functions are
implemented in Fortran. In addition to modelingroogogical structure formation, Enzo
can also be used to simulate a wide rage of astsigdl phenomena (O’Shea et al.
2004).

Enzo, in principal, would distribute the workloadtmn each level of the AMR
hierarchy across all processors. By definition,r@ gs a “real” grid on a particular
processor if its data is allocated to that speqfmcessor, and is a “ghost” grid if its data
is allocated on a different processor. Each grid real grid on one specific processor,
and a ghost grid on all others. When exchangefofrimation is needed, MPI is then used

to transfer the mesh or particle data between grmrs.

Figure 5.1 shows a two-dimensional AMR hierarchigeTeft side of the figure
shows six total grids distributed across two precesin a three level hierarchy. And the
right side of the figure shows a grid zones mapretzeblock of real zones is surrounded
by layer of ghost zones. Real zones are used te #te data field parameters, and ghost
zones are used to store values from their neighagrids, parent grids or the external

boundary conditions.

5.2 Physicsin Enzo
Enzo solves dark matter N-body dynamics by usirgphrticle-mesh technique,
and hydrodynamics by a modified version of thecpwise parabolic method (PPM) of
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Figure 5.1 Left side is a picture of real and glgp&ls in a hierarchy, and ti
right side is a picture of real and ghost zones gnid (O'Shea et al. 2004).
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Woodward & Colella. In addition to these main fuaos, several new physics features
have been implemented in the Enzo code, such &tiv@dcooling and heating, different
models for uniform ultraviolet background (UVB) ration, and star formation/feedback.

5.2.1 Dark matter Dynamics

Approximately 85% of the matter in the universel@gk matter; therefore when
simulating large-scale cosmological structures weednto solve the dark matter
dynamics. Enzo uses the particle-mesh N-body metihadlculate collision-less particle
dynamics. The particle trajectories are governedhieyset of coupled equations shown
below, but the cosmology terms are omitted for dicity (O’Shea et al. 2004).

dx
—L=v
dt P
av, y
dt ’

where x,and v,are the position and velocity vectors of particled a-V¢ is the

gravitational force term. The solution to the ab@gations can be found by solving
Poisson’s equation

VP =42Gp,

where p is the density of baryon gas (collisional) and igéas (collision-less).

5.2.2 Hydrodynamics
PPM has been modified in order to solve the cdsgical problems. For
example, the conservation laws of fluid mass, mdomenand energy density are

implemented in the comoving coordinates and areifreddo include gravity.
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5.2.3 Cooling & Heating

The cooling and ionization of gas is very importantastrophysical processes.
Therefore, two radiative cooling and several umfolUVB models have been
implemented. The first radiative cooling model asss that all chemical species in the
baryonic gas are in equilibrium and the coolingesatan be calculated directly from a

cooling curve assuming metalliciy=0.37Z,. The second model solves a reaction

network of 28 equations that includes collisionad aadiative processes for 9 species (H,
H*, He, Hé, HE™, H, Hy", Ho and &).

The present-day universe is full of low-density ,gakich has been ionized by
ultraviolet background radiation from quasars,sstard other sources. We can study the
properties of these ionized gases through Lymahaafprest absorptions systems. This
then can be used to determine several importantnalogical parameters, and to
understand the formation and evolution of strucumnethe universe. As the UVB plays a
very important role in determining the ionizatiohtlee gases, it is crucial that we model
the effects of UVB as accurate as possible. Seweodlels for assuming a uniform UVB

radiation have been implemented and used in Ende.co

5.2.4 Star Formation/ Feedback

One of the most important astrophysical procességh affects the formation,
and evolution of galaxies, is star formation argl féedback. The star formation and
feedback recipe in Enzo converts gas particlesstdo particles, and then these particles

evolve and eject their thermal energy and metadk b#o the gas via galactic winds.

5.3 Simulations
5.3.1 Initial Conditions

All our simulations were run with standard flat @¢odlark matter cosmology
ACDM, assuming a total matter density (baryons + OM)= 0.3, a dark energy density
Q) = 0.7, a baryon densify, = 0.045, and a Hubble constant h = 0.67.
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In total, we ran 7 models-- modnosf, modO, modldZianod3, efficient2, and extreme
case-- increasing the amount of stellar energy sitgmbas: (1) thermal energy back into
the gas, radiated in (2) stellar UV photons an(8)rguasar UV photons.

The run modnosf has no star formation and feedladcil, and efficient2 has
exactly the same setup as mod2 but with a lower mtker density threshold and a

shorter dynamical time allowing for an "easier wersion of gas into stars.

We evolve the models from redshift z = 99 to z 3\& set the maximum level of
refinement to 7. Below | show a basic simulatieatup:

Grid dimensions = 64x64x64 (NJ
Volume Size = 4 Mpc/h (lex)

To calculate mass resolution, we use:

3 -3
AM ~3.2x10 Lo | [ Nosse M,
Mpc 32

So our mass resolution is,

-3
AM = 3.2x 103(193(2_9 ~ 2.56 10M

Table 5.1 is a list of simulation models with vasoinput strength for star
formation and star feedback strength. Also noténi@dnosf has no star particle creation
and feedback, and efficient2 has a lower star maessity threshold and a shorter
dynamical time. Extreme is the case with relativalych higher feedback comparing to

other models.
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Table 5.1 List of models with various star formatend star feedback strength.

Star Energy Star Energy Star Energy
to to to
Thermal Feedback Stellar UV Quasar UV
modnosf 0 0 0
modO l.e-7 3.e-8 5.e-8
mod1 l.e-6 3.e-7 5.e-7
mod2 l.e-5 3.e-6 5.e-6
mod3 l.e-4 3.e-5 5.e-5
efficient2 l.e-5 3.e-6 5.e-6
extreme high high high
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5.3.2 Example of Strong Star Formation and Feedback

Figure 5.2 shows an example of strong star formagitects on these simulations
(extreme). Note that this model is not a realistise. The real situation probably falls
between modl and mod2. Here | just want to show ktax formation would effect
simulations with the increasing strength of feedb&ith stronger thermal feedback, we
can see some evidence of violent astrophysicalse®s, such as the shock wave and the
stellar winds created by supernova explosionshis figure, we can see more structures

compared to other models.
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Figure 5.2 Projected column density map of modti w
extreme star formation and feedback.
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Chapter VI

Results

6.1 Column Density Distribution

We first compare our results with and without tfensFigure 6.1 is the column
density frequency distribution for runs modnosf,d®domodl, mod2 and mod3 (solid
lines from finest to thickest) without radiativetisfer. Figure 6.2 is the column density
frequency distribution for the same runs as inrgG.1 (lines from finest to thickest as
well) but with full radiative transfer. The dashadd dotted lines in both figures are the
I'-function fits to the SDSS DLA survey data from €haska et al. (2005) for z = 2.5-
3.0(dashed) and z = 3 — 3.5 (dotted). We can sdieeirfigure 6.1 that at lower column
densities all the lines are much lower than theeplaions, indicating that the runs
without transfer do not reproduce the observed BbAndance. However, lines in Figure
6.2 are very close to the observations. It is tfleeeeimportant to run full radiative
transfer for all the simulations in order to redlh required DLA abundance, instead of

the simple approximation of the uniform UVB.

One question is whether running full radiative sfen will really yield the correct
DLA abundance, or does it over-estimate it? Enzdecassumes a uniform UV
background in all cells, even within dense clowdsen dealing with cooling and heating
problems. On the contrary, the radiative transtetecassumes that the sources of UVB
are outside the volume, and it computes self-simgldor dense regions where more
hydrogen remains neutral. However, our current am@ntation of radiative transfer
does not include photons produced locally insigedtar formation regions. We suspect
that the real picture is probably in between this® models. The best approach is to
combine the two methods, however it has proveceta teery difficult task to accomplish

with current limited computational power.
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Figure 6.1 Column density frequency distributiongimulation

models modnosf to mod3, without radiative transfer.
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models modnosf to mod3, with radiative transfer.
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6.2 DLA Line Density vs. Velocity Widths

Figure 6.3 shows the DLA line density vs. veloaitith plot for runs modnost,
mod0, mod1, mod2, and mod3 (solid lines from firtesthickest respectively) without
radiative transfer. Figure 6.4 is DLA line densisy velocity width plot for the same runs
with full radiative transfer. The dotted line isetlobservation. Comparing Figures 6.3
and 6.4, we find that runs with transfer produaghbr velocity widths than runs without
transfer.

However, although we can reproduce the observednuooldensity distribution
(from Figure 6.2), our velocity widths are still ohulower than those from observations.
Apparently, star formation does not produce therdd<sffect so far. This might be due
to the low grid resolution. With only 84ase grid resolution, it is difficult to resolve
substructures such as star forming regions or soparshells. Therefore it is essential to

go up to even higher grid resolution and furtheestigate the effect of star formation.

Without Transfer (modnosf —— mod3)
e e N L

- - L] R R L
100 150 200 250 300 350
velocity [km/s]

Figure 6.3 DLA line density vs. velocity (km/s) feimulation
models modnosf to mod3, without radiative transfer.
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Figure 6.4 DLA line density vs. velocity (km/s) feimulation
models modnosf to mod3, with radiative transfer.
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6.3 Comparison of Column Density Mapsin High Radial Velocity Region

In this section, | select one fixed region withatelely high radial velocities in all
models (modnosf, mod0O—mod3 and efficient2), fromuré 6.5 to 6.11, and show their
projected neutral hydrogen column density maps.céfe see as star formation and the
thermal feedback strength increase, there are molent activities (gas turbulence) in
the volume. These might be due to shock waves Bopernova explosions and stellar
winds. Note that mod3 has the highest star formafe@dback strength, but it does not
show too much activity. We suspect that this isdoee the thermal feedback is too
strong. It eventually wipes out all the gas arothelfirst generation stars and ionizes the
entire surrounding medium, leaving no chance fotthier condensations and star
formation. (The color scale below is indication feeutral hydrogen density. DLAs fall
between the light green and light blue region.)
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Figure 6.5 HI column densi
scale.
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Figure 6.6 Selected high radial veloc
region for modnosf.

Figure 6.7 Selected high radial veloc
region for modO.
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Figure6.8 Selected high radial veloc
region for mod1.

Figure 6.9 Selected high radial veloc
region for mod2.
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Figure 6.10 Selected high radial veloc
region for mod3.

Figure 6.11 Selected high radial veloc
region for efficient2.
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Figures 6.12 and 6.13 are two other examples @&fctsd high radial velocity
column density maps for runs modnosf and mod3hénmod3 run, a galaxy forming on
the lower-left has some very interesting featui¥e. can actually see some spiral arms
produced (indicating that the velocity dispersiontihat specific region must be very
high) and a smaller galaxy merging with the largalaxy. Comparing models with no
star formation and with strong star formation/femty we can see that star formation
and feedback produce effects, but they are gegearathplex. (From the velocity width
plot, we did not see much effect.) In some casessee clear evidence that feedback
plays an important role causing strong, violentvagt but not in other cases. In future
work we will need to study the star formation effem more detail and also reconstruct

the star formation history as a function of redshif

Figure 6.12 Anothe selected high radi
velocity region for modnostf.
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Figure 6.13 Another selected high rac
velocity region for mod3.

6.4 Density and Velocity Profilesalong a Line-of-Sight

Figures 6.14 to 6.19 show distribution of physicafiables along two selected
lines of sight for modnosf and mod2. Figures 6.4d @&.15 show the total density rho vs.
physical coordinate along the z direction. Figeels and 6.17 show the HI density vs.
physical coordinate along z. And finally Figure$&and 6.19 give the radial velocity vs.
physical coordinate. Comparing the models with a#ttiout the star formation, we see
some interesting differences. The features of modR more complex, and it seems to
have more substructures than in modnosf. For exampl Figure 6.14 we see that
modnosf has only one sharp peak (center of galaxgted around 900 kpc, along with a
very small peak next to it. However in Figure 6\ see several peaks across from
around 850 kpc to 950 kpc, indicating that theee @obably more substructures created
due to the star formations process (i.e. superegpsions or stellar windsjVe can see
similar effects in Figure 6.16 and 6.17, and algufe 6.18 and 6.19.
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Figure 6.14 Total density (rho) vs. physical conade along z for modnost.
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Figure 6.15 Total density (rho) vs. physical conade along z for mod2.
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Figure 6.18 Radial velocity vs. physical coordinalteng z for modnosf.
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Figure 6.19 Radial velocity vs. physical coordinateng z for mod2.
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6.5 Summary

We found that radiative transfer does play an irtgdrrole in reproducing DLA
abundance. Star formation and feedback do not Adamsge effect in general. This might
be due to the low grid-resolution, small volume bgixe, and non-linearity of star
formation effect. However, star formation/feedbaads produce some local violent
activities at regions with relatively high veloctyspersions. To summarize, it is essential
to include radiative transfer into all runs. Altlgtuwe are able to reproduce DLA column
density distribution, we still have lower velocitgdths than are observed. In the current
stage of our research, star formation does noegbk low velocity width problem in our
simulations since star formation effects are noedr effect. For example, increased star
formation/feedback might destroy neutral clouds gravide material for next generation
star formation. Hence, low velocity width would bbserved. We are not certain this
type of event, however, would happen at which sStéyerefore, further investigations are
needed. We also need to cover the parameter spaovere detail in order to find the
precise star formation and feedback strength pammeput to produce the maximum

effect.
6.6 Future Work

We plan to continue the research with improved asimg technique and physics
based on our previous work. Future simulations dantlude new physical ingredients,
such as full radiative transfer with local and nocal UV backgrounds, large volume
size for creating higher-mass cluster of galaxa®] higher grid resolution to resolve
substructures in detail. Our first step is to explthe parameter space with the sanie 64
resolution and refinement level to seek the stan&tion/feedback parameters input that
would give rise the best and maximum star formaediect. We will then apply this
information to higher grid-resolution and largerlwmoe size simulations. Finally, we
would consider possible additional physical assumnptsuch as warm, dark matter

cosmology.
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