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ABSTRACT OF THE DISSERTATION

HI shielding of H2 in UV-irradiated galaxies: suppression of the
photodissociation rate
by
Meredith Neyer
Bachelor of Science in Physics
University of California Santa Barbara, 2021
Professor Peng Oh, Chair
Observations of supermassive black holes in the early universe have necessitated
new theories to explain the rapid formation and growth of early black holes. One
of the most prominent of these theories is so-called direct collapse, which suggests
that suppressing molecular hydrogen (H2 ) abundance in protogalactic haloes can
cause inefficient H2 cooling, leading to rapid accretion onto a dense core, forming a
supermassive star, and ultimately a black hole. Since H2 is the primary coolant in
primordial gas, a strong photodissociating UV flux can suppress the H2 abundance
enough to prevent the halo from cooling below the virial temperature. Simulations
of these protogalaxies require detailed modeling of the chemistry to determine the
critical UV flux that will suppress enough H2 to keep the halo from cooling. We
use three-dimensional hydrodynamic simulations to investigate a process not previously studied in this context: neutral atomic hydrogen (HI) shielding of H2 and
its impact on the critical flux. HI can deplete some of the H2 -dissociating UV
radiation via Lyman series absorption, and as a result, we find that the critical
flux increases significantly when HI shielding of H2 is included.

vi

Chapter 1
Introduction
1.1

H2 Cooling in Primordial Gas

Molecular hydrogen, H2 , has been extensively studied in the context of the first
generation of stars and galaxies, in which it plays a crucial role as the primary
coolant of primordial gas below ∼ 104 K (for a review, see Bromm & Yoshida,
2011). Prior to the production and dispersion by supernovae of “metals,” defined
here as elements heavier than hydrogen and helium, the thermodynamic evolution
of pristine primordial gas depends sensitively on the H2 abundance. Without the
numerous quantum transitions allowed in metals that provide efficient radiative
cooling, primordial gas requires H2 to radiate energy to cool. Therefore, the photodissociation rate of H2 is extremely important; with a high photodissociation
rate the abundance of H2 is suppressed, resulting in less efficient radiative cooling.
The hydrogen molecule is fragile to photodissociation by soft UV photons in the
so–called Lyman–Werner (LW) bands (11.1-13.6 eV).
Depletion of H2 by LW radiation has been shown to raise the minimum mass of
protogalactic haloes in which gas is able to condense and cool. This results in delayed star formation in smaller “minihaloes” (Haiman et al., 1997, 2000; Machacek
et al., 2001; Yoshida et al., 2003; Mesinger et al., 2006; Wise & Abel, 2007; O’Shea
& Norman, 2008; Kulkarni et al., 2020). In more massive haloes, with virial tem-
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peratures1 Tvir >
∼ 10 K, cooling by neutral hydrogen allows gas to condense in
haloes in the absence of significant H2 cooling, rendering these “atomic cooling

haloes” (ACHs) less sensitive to feedback from LW radiation. Typically, the column densities in these haloes are large enough that H2 becomes self-shielding:
systematic depletion of LW photons in the outer layers of the halo allows gas in
the core to radiatively cool to temperatures of a few hundred Kelvin. The H2 on
the outskirts of the protogalactic halo absorbs much of the incident LW radiation
so that H2 nearer to the core is exposed to progressively less radiation. However,
despite the higher H2 abundance in the core due to self–shielding, extreme LW
radiation fields have been shown to prevent gas in ACHs from cooling below the
virial temperature of the halo, usually T ∼ 104 K. (e.g. Omukai, 2001; Shang et al.,
2010, and many others). The threshold LW flux strength above which the halo
cannot cool via H2 is commonly referred to as the critical flux.
The value of the critical flux or “Jcrit,21 ” and has been found in numerous studies
using simulations to be in the range 103−4 in the customary units, with J21 defined
such that J = J21 10−21 erg s−1 cm−2 Hz−1 sr−1 . While this is orders of magnitude
larger than the expected cosmological background radiation, a collapsing halo near
a particularly bright neighboring galaxy with recently-formed Pop III stars may be
exposed to such a flux (Visbal et al., 2014; Regan et al., 2017); if the two collapse
within a short period of time – of order a few Myr – the latter may be prevented
from cooling via H2 , a scenario referred to as a “synchronized collapse.” The
collapse must be “synchronized” because pollution from the bright neighboring
galaxy’s supernovae winds could reach the primordial halo and render H2 cooling
irrelevant.

1.2

Super–Critical Flux and Direct Collapse

The presence of a supercritical flux is thought to have important implications
for the formation of massive seed black holes, with masses ∼ 104−5 M . It has been
proposed these may form by rapid accretion in ACHs that remain near the virial
1

characteristic temperature for a gravitationally bound system in virial equilibrium
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temperature (see e.g. the recent review by Inayoshi et al., 2020), which could help
explain the existence of the earliest supermassive black holes, observed to have
9
masses >
∼ 10 M at redshifts z >
∼ 6 and as high as >
∼ 7.5 (e.g. Fan et al., 2001,
2003; Morganson et al., 2012; Mazzucchelli et al., 2017; Wang et al., 2019; Yang

et al., 2019; Wang et al., 2021) These are generally referred to as “direct collapse”
black holes, though there is an emerging consensus that they are more likely to
form via an intermediary supermassive star phase (e.g. Haemmerlé et al., 2018).
Constraining the value of Jcrit using hydrodynamic simulations of ACHs has
been a topic of significant interest in the literature and relies on detailed modeling
of the H2 chemistry. Since the fraction of haloes exposed to a supercritical UV
flux depends strongly on Jcrit , even small changes in the photodissociation rate
significantly change the predicted prevalence of direct collapse halo candidates
(e.g. Dijkstra et al., 2008).

1.3

Shielding of H2

Self–shielding by H2 occurs as the LW bands become optically thick, at column
13
−2
densities >
∼ 10 cm , suppressing the photodissociation rate. The optically–
thick rate in general depends on the column density, rovibrational populations,

gas temperature, and details of the incident spectrum, and is too computationally
expensive to calculate on–the–fly in simulations due to the large number of LW
transitions. Models most often rely therefore on local estimates on the column
density and a fitting formula to estimate the effect of self–shielding; as a result of
its importance in the thermal evolution of UV–irradiated primordial gas, modeling
of the optically–thick H2 photodissociation rate has been studied extensively (e.g.
Draine & Bertoldi, 1996; Glover & Brand, 2001; Wolcott-Green & Haiman, 2011;
Wolcott-Green et al., 2011; Wolcott-Green & Haiman, 2019; Hartwig et al., 2015).
In addition to self–shielding, absorption of LW photons by neutral atomic hydrogen (HI) Lyman series resonances can decrease the rate of H2 –photodissociation.
Processing of the cosmological UV background by neutral hydrogen in the pre–
reionization intergalactic medium has been studied in detail (Haiman et al., 1997,
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2000); however, the effects of HI absorption within haloes has not previously been
included in simulations. Using “one-zone” modeling, Wolcott-Green & Haiman
(2011) (hereafter WH11) found that this HI shielding of H2 can significantly decrease the LW photodissociation rate when the column density exceeds NHI >
∼
23
−2
10 cm and provided an analytic fit for the suppression factor fHI . Here, we use
fshield to refer to the overall shielding factor:
fshield =

kdiss (NH2 , NHI , T )
kdiss (NH2 = 0, NHI = 0, T )

(1.1)

where kdiss is the H2 dissociation rate and NH2 and NHI are the column densities
of H2 and HI, respectively.
The effect of shielding by HI on the H2 photodissociation rate is parameterized
by a shielding factor, fHI , defined in Equation 1.2.
fHI =

kdiss (NH2 , NHI , T )
kdiss (NH2 , NHI = 0, T )

(1.2)

In a study of the LW escape fraction from primordial haloes, which parameterizes how much LW radiation is escaping from the interior of the halo to the
outside, Schauer et al. (2015) used the WH11 fitting formula to quantify the effect of HI absorption on the escape of LW photons emitted by stars within the
halo. They found the escape fraction was reduced by a factor of three for the most
massive halo studied, ∼ 107 M , owing to the large neutral column density. In a
later study of more massive haloes, 107−8 M , Schauer et al. (2017) found a significantly smaller effect, with escape fractions reduced by up to ∼ 29 per cent due
to HI absorption, possibly due to significantly more ionization by stellar clusters
in the haloes and resulting lower HI column densities. Nevertheless, these results
point to the possible importance of HI shielding on the H2 abundance in primordial
ACHs irradiated by an external LW field.
In this study, we update the fitting formula introduced by WH11 to account
for non–ground state H2 rovibrational populations, and implement this new NHI –
dependent H2 photodissociation rate in simulations of primordial ACHs. We use
the three–dimensional hydrodynamic simulation code enzo to test the effect of HI–
shielding on Jcrit in three UV–irradiated protogalaxies collapsing at z ∼ 10. Our
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new fitting formula, developed using data for the H2 rovibrational populations
modeled with cloudy, is more accurate for the gas temperatures and densities
relevant in ACHs, and can be easily implemented in chemical models of future
simulations.
The rest of this thesis is organized as follows. In Chapter 2 we detail our
methods and calculations; we discuss our results in Chapter 3 and conclude with
a summary, remaining uncertainties, and potential future work in Chapter 4.

Chapter 2
Numerical Modeling
2.1

Simulations

Enzo
To simulate collapsing protogalaxies, we utilize enzo, a publicly–available
three–dimensional adaptive mesh refinement (AMR) hydrodynamics code (Bryan
et al., 2014). enzo has been extensively tested and used for a variety of astrophysical applications including cosmological expansion and feedback, primordial
chemical interactions, radiative cooling, radiative transport, hydrodynamics, magnetodynamics, N –body dynamics, and star formation models Bryan et al. (2014).
We simulate three haloes at high resolution with initial conditions generated
using music (Hahn & Abel, 2011). The simulation volume is a box with length
1h−1 Mpc on a side1 . The simulation root grid is 1283 . In order to select haloes for
high resolution “zoom–in” simulations, we perform an initial dark-matter (DM)
only enzo run initialized from z = 99 to z = 10.
Halo finding and nested grids
We use the publicly–available rockstar halo finder package (Behroozi et al.,
2013) to identify haloes within the simulation volume that have large enough mass
to exceed the atomic cooling threshold at z = 10. We identified the most massive
1

h is defined as Hubble’s constant divided by 100km s−1 Mpc−1
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halo in the simulation by analyzing the halo catalog output from rockstar which
lists all the identifiable haloes with their characteristics including virial mass and
location in the box.
In order to achieve our target resolution, we add three additional levels of
static refinement, “nested grids,” enclosing the Lagrangian volume of the selected
halo. To achieve this, we iteratively run enzo with DM only, using rockstar to
identify the most massive halo in the simulated box at z = 10, and generate
initial conditions using music with a higher resolution grid enclosing the halo. We
then start the process over again by running the DM-only simulation with the
newly created initial conditions which include higher resolution grid(s). Each time
we iterate, the grid of refinement becomes smaller with higher resolution so that
three nested grids of refinement yield an effective 10243 resolution and dark matter
particle mass ∼ 85 M in the core.
In addition to the nested grids added using rockstar, enzo also uses adaptive
mesh refinement to increase resolution within the nested grids. The gas + DM
zoom–in simulations are run to a maximum refinement level of 18 and the DM
is smoothed at a maximum level 13 as specified in the configuration file. The
highest resolution regions thus have a minimum cell size of .0298h−1 pc. Additional
refinement is added each time the baryon or DM mass exceeds four times that of
the most refined cell. We also imposed that the local Jeans length is resolved by at
least 16 cells to prevent spurious fragmentation in the gas (Truelove et al., 1997).2
In Figure 2.1 we show the three nested grids surrounding the halo region for Halo
B, in addition to grids of further refinement due to the AMR within the nested
grids. The location of the dense core of the halo is indicated with an“x”.
Figures 2.2 and 2.3 shows plots from the enzo simulation for one of the haloes,
Halo A. The top plot in 2.2 shows a temperature slice and the bottom plot shows a
density slice. Figure 2.3 shows slice plots of H2 fraction on top and electron fraction
on the bottom for Halo A. All plots depict the halo at the time of collapse while
exposed to sub–critical flux in a run with gas + DM with the three nested grids.
The pixels near the dense center are smaller than those farther out, indicating
2

The Jeans length refers to the radius of a cloud of gas at which the attractive gravitational
forces are equal to the pressure from thermal motion.
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higher levels of refinement near the dense halo core produced by the AMR.
Chemical network
We utilize the 9–species non–equilibrium primordial chemistry network within
enzo to model the chemical evolution of the gas. The 9 species are H, H+ , He,
He+ , He++ , e− , H2 , H2 + , and H− . The cooling function from Galli & Palla (1998)
is implemented to model the radiative cooling by H2 . Several of the reaction
rate calculations have been modified in the enzo chemistry code as described
in Wolcott-Green et al. (2021, see their Appendix A). We implement the fit for
collisional dissociation of H2 from Martin et al. (1996) as well as the updated rate
coefficient for associative detachment of H− from Kreckel et al. (2010). We also
use the Case B rate for radiative combination of H+ from Hui & Gnedin (1997)
and the radiative association rate of H and e− from Abel et al. (1997). For H2 self–
shielding, we use the fit developed in Wolcott-Green et al. (2011). Our fit for HI
shielding of H2 is adapted from that developed in WH11 and is described in more
detail in § 2.2.
In order to determine the impact of HI shielding, we run realizations of each
halo to determine the value of Jcrit first with H2 self–shielding only, using the
Newton-Raphson method to find Jcrit and then subsequently run each with HI
shielding using our fitting formula (details of which can be found in § 2.2 below).
We identify whether the LW flux is sub–critical or super–critical by analyzing
the 2–dimensional phase plots (like those shown in Figure 2.4) and looking for the
characteristic drop in temperature at the core or the temperature staying at ∼ 104
K, respectively. We run a suite of simulations with various strengths of incident
UV flux to identify a range for Jcrit . Once this Jcrit range is identified, we run the
halo simulations again with the HI shielding formula implemented and identify the
new range for Jcrit . We report our results to within 2000 in units of J21 .
We initialize all simulation runs at zin = 99 and adopt the cosmological parameters from the Planck 2018 collaboration (Planck Collaboration et al., 2018),
Ωm = 0.315, ΩΛ = 0.685, Ωb = 0.0493, h = 0.674, σ8 = 0.811, and n = 0.965.
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Computational Resources
In order to run these computationally expensive enzo simulations, we used
two supercomputing clusters. The Knot cluster at UC Santa Barbara’s Center for
Scientific Computing has 12 cores/node and 48 GB of RAM on the regular nodes
that we used. We performed dark matter-only runs of enzo on Knot and produced
initial conditions for each of the nested grids. The dark matter-only runs are much
less computationally intensive because they do not include modeling of the gas
hydrodynamics or or chemistry.
Our high-resolution gas+dm simulations were run on Stampede2, a high performance cluster at University of Texas at Austin through Texas Advanced Computing Center (TACC). Stampede has 48 cores/node and 192 GB of RAM on the SKX
compute cores used for this project. We gained access to Stampede2 through an
allocation from the National Science Foundation’s Extreme Science and Engineering Discovery Environment (XSEDE) (Towns et al., 2014). Due to the nonlinear
relation between number of processors and computation time for AMR codes, we
did tests to find the optimal number of processors for our gas + dm simulations.
We ultimately ran the gas + dark matter enzo simulations with between three and
four nodes (144 and 192 cores, respectively) and each run took approximately five
hours. We analyzed all of the enzo outputs with the publicly-available analysis
package yt (Turk et al., 2011).
To calculate column densities at the collapse redshift, we re-ran simulations
with haloes exposed to sub–critical flux with more frequent outputs just before
the gas begins to cool. These additional runs were performed for all three haloes
on Stampede2.
Much of the analysis of the simulations was done on Knot or on my local computer. Relevant data files were transferred from Stampede2 to Knot for analysis
or to an external hard drive for storage. Many of the formatted plots were made
on my local computer, where there was more streamlined control over formatting
preferences.

10

Figure 2.1: Projected density in the box containing Halo B from a dark matter
only run is shown at redshift z = 10 with high resolution grids overlaid; white “x”
indicates the location of the dense core of the selected halo. The three nested grids
are visible surrounding the adaptive refinement region.
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Figure 2.2: Slice plots of Halo A with sub–critical incident UV flux at time of
collapse showing density (top panel) and temperature (lower panel).
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Figure 2.3: Slice plots of Halo A with sub–critical incident UV flux at time of
collapse showing H2 fraction on the top and electron fraction on the bottom.
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Figure 2.4: Two–dimensional phase plots showing Halo B at collapse redshift with
sub–critical flux on the top and super–critical flux on the bottom. Particles within
a 1 kpc radius from the densest point of the halo are included.

14

2.2

Fitting Function for HI Shielding

We adapted the H2 shielding formula from WH11, which was optimized for gas
temperatures below T ∼ 1000 K, in order to better fit the true shielding in atomic
cooling haloes with temperatures of >
∼ a few thousand Kelvin.
The spectral synthesis code cloudy (Ferland et al., 2017) was used to model
the H2 rovibrational populations at temperatures in the range of 1000 − 8000 K
and densities in the range of 100−5 cm−3 . We then feed the outputs from cloudy
into a numerical photodissociation rate calculation including contributions from
HI to determine the dissociation rate at different column densities.
The photodissociation rate code includes contributions from all transitions in
the LW bands. There are a total of 301 H2 bound levels in the electronic ground
state; vibrational states are specified by the quantum number v and rotational
states are specified by the quantum number J. There are over half a million
allowed LW transitions from the electronic ground states to excited states. The
wavelength resolution at low temperatures is ∆λ = 2 × 10−4 Å.
Each absorption line is modeled with a Voigt profile, a convolution of a Gaussian
and a Lorentzian. The Lorentz wings overlap with nearby absorption lines when
the column densities are sufficiently large. In the case of H2 lines overlapping with
HI absorption lines, radiation is absorbed by either H2 or HI. The effects of this
overlap are included in our calculation of the optically–thick rate. Further details
of this photodissociation rate code can be found in Wolcott-Green et al. (2011).
Results of the rate calculation are shown in Figure 2.5. The blue dashed
lines show the HI shielding function (Equation 1.2) calculated using cloudy
populations and at for a variety of temperatures with log(n/cm−3 ) = 3 and
log(NH2 /cm−2 ) = 16.
We modified the original fitting formula in WH11 using a downhill simplex
method amoeba, also commonly known as the Nelder-Mead method. This routine
minimized the χ2 of the numerically calculated fshield and the predicted fshield by
initializing and manipulating a simplex in the parameter space. A simplex is
an n–dimensional polytope (high dimension generalization of polyhedron) with
n + 1 vertices, where n is the number of parameters in the fitting formula. The
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simplex can perform a variety of maneuvers including expanding and contracting
the simplex, and reflecting a vertex in order to find the minimum of a function.
We performed many iterations of amoeba with various initial simplexes to ensure
that the code was finding a true minimum for χ2 and not just a local minimum
based on initial starting points. The new fitting formula is as follows:
fshield,HI =

0.95
exp (−αx)
(1 + x)δ

(2.1)

Here, x = NHI /ζ and our best fit parameters are α = 1.45 × 10−1 , δ = 1.5, ζ =
2.85 × 1023 cm−2 . The solid magenta line in Figure 2.5 shows the HI shielding
function fit using this formula. This HI shielding function was then multiplied by
the H2 self-shielding function calculated using the fit from WHB11 for the total
fshield . The black dot-dashed line in Figure 2.5 shows the comparison between the
HI fitting formula and the shielding fraction predicted by cloudy at a variety
of temperatures with log(n/cm−3 ) = 3 and log(NH2 /cm−2 ) = 16. The fitting
formula stays within a factor of two of the cloudy prediction at temperatures
T = 1000 K, 3000 K, 6000 K, and 8000 K for HI column densities between 1020
and 1024 cm−2 . The adjusted fit was implemented in the simulation’s chemistry
rate calculations.
The fitting formula for the shielding function of H2 by HI is robust in a wide
range of temperatures as low as 500 K and as high as 8000 K. While 500 K is
lower than the temperatures relevant in this study, the fitting formula for fHI stays
within a factor of two for values of NHI between 1020 and 1024 cm−2 , as shown in
Figure 2.6.

16

Figure 2.5: The effect of shielding by HI on the H2 photodissociation rate is parameterized by a shielding factor fHI = kdiss (NH2 , NHI , T)/kdiss (NH2 , T). The blue dashed
lines show the HI shielding using the full calculation with cloudy rovibrational
populations for H2 . The magenta solid lines show the HI shield factor fit. The black
dot-dashed line shows the ratio of HI shielding fit; fFit = fHI,Fit × fH2 ,Cloudy and
fCloudy = fH2 ,HI,Cloudy . All are shown at log(n/cm−3 ) = 3, and log(NH2 /cm−2 ) = 16.
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Figure 2.6: Same as Figure 2.5 HI for T = 500 K and log(NH2 /cm−2 ) = 15 at a
variety of densities from log(n/cm−3 ) = 0 − 5.

Chapter 3
Results and Discussion
Spherically–averaged radial profile plots for Halo A at zcoll are shown in Figure
3.1 for density (upper left), temperature (upper right), electron fraction (lower
left), and H2 fraction (lower right). The incident Lyman-Werner fluxes shown are
J21 = 20, 000 (sub–critical) and J21 = 32, 000 (super–critical). These profiles agree
with those of previous studies on simulated ACHs exposed to incident LW flux.
The H2 fraction in the halo’s dense core reaches ∼ 10−3 for sub–critical flux, the
standard “freeze–out” value (Oh & Haiman, 2002) at which H2 cooling is efficient
and low gas temperatures in the near inner core. The super–critical flux results in
a suppressed H2 fraction of ∼ 10−7 and the gas temperature stays near the virial
temperature ∼ 104 K.
To determine Jcrit , we run the zoom-in simulations with varied levels of incident
flux to find minimum flux that suppress H2 -cooling and prevents cooling below the
virial temperature. The Jcrit values for each of the haloes are listed in Table 3.1.
The critical flux when HI shielding of H2 has been included in the simulation’s
chemistry rate calculation is ∼ 60 − 100% larger than the critical flux without HI
shielding. The Jcrit,21 values without HI shielding are within the range (10 − 17) ×
103 and with HI shielding are within the range (16 − 32) × 103 .
The increase in Jcrit due to incorporating HI shielding makes sense because we
expect high column densities of HI to absorb Lyman–Werner radiation thereby
suppressing the H2 photodissociation rate.
The HI column densities were calculated by summing along 25 lines–of–sight.

18
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Table 3.1: Critical fluxes (Jcrit ) in J21 units. Virial masses (M ), collapse redshifts
(zcoll ), and virial temperatures (Tvir ) found using rockstar for J <Jcrit runs which
included HI shielding.
Halo
M/M
zcoll
Tvir /K
Jcrit /103
Jcrit,HI /103
A
2.8 × 107
13.0
5953
11
22
7
B
8.2 × 10
10.9
5426
17
32
C
2.4 × 107
18.0
5053
10
16

The sight–lines start at the dense core of the halo and extend 100 pc outward.
Beyond 100 pc, the contribution to the HI column density becomes negligible.
The location of five example sight–lines are shown in Figure 3.2.
We find that the HI column densities begin to reach the threshold at which HI–
23
−2
shielding becomes significant, NHI >
∼ 10 cm , just before cooling would occur in
sub–critical fluxes, as shown in Figure 3.3, which shows a histogram of the column

densities along 25 lines of sight for Halo B. The haloes were simulated with sub–
critical fluxes and with outputs being produced after every redshift interval of
∆z = 0.005. The two–dimensional phase plots for each of these outputs were then
analyzed to identify the latest redshift before cooling occurs in the halo. This is
the redshift at which we studied the column densities. As the density increases
rapidly when the halo is on the verge of cooling, even this redshift range may lead
to underestimating the column densities at which the cooling begins to happen.
For Halo A and C, the column densities found using the closest redshift output
to the threshold of cooling did not quite reach 1023 cm−2 . However, we expect
that with finer redshift resolution, we would see column densities exceeding the
1023 cm−2 threshold. This indicates that the shielding of H2 by HI will become
important at the time of potential cooling and affect the thermal behavior of the
halo by requiring a higher LW flux to dissociate H2 , which is consistent with our
findings that HI–shielding raises the value of Jcrit in our haloes.
Two–dimensional phase plots of Halo B at the collapse redshift zcoll are shown
in Figure 2.4. The left panel shows the halo in sub–critical flux, so the gas cools
at high density, while the right panel shows the halo in super–critical flux and the
gas remains hot at T ∼ 104 K.
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Figure 3.1: Spherically–averaged radial profile plots (Halo B with HI shielding) at
collapse redshift showing density in the upper left, temperature in the upper right,
electron fraction in the lower left, and H2 fraction in the lower right. Lyman-Werner
fluxes shown are J21 = 20, 000 (sub–critical) and J21 = 32, 000 (super–critical).
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Figure 3.2: Projected density plot overlaid with five lines of sight from the dense
core to a distance of 100 pc away. These, along with several more lines of sight in
three dimensions were used to calculate column densities.

22

Figure 3.3: Histogram of HI column densities along lines of sight from the center
of the halo just before cooling occurs in sub–critical flux. Column densities reach
23
−2
the NHI >
∼ 10 cm threshold at which we expect HI shielding effects to become
significant.

Chapter 4
Conclusions
4.1

Summary

In this study, we examined the impact of HI shielding of H2 on the thermal
evolution of protogalactic haloes by using three–dimensional hydrodynamic simulations with detailed chemical modeling. The incorporation of HI shielding raised
the value of Jcrit by ∼ 60 − 100% in the three atomic cooling haloes we simulated.
The fHI fitting formula we developed for this project may also be beneficial
to future studies on this topic and adjacent topics. The fitting formula is well
within a factor of two of the calculated HI shielding fraction as determined using rovibrational populations from cloudy and a full photodissociation code for
temperatures between 500 K and 8000 K and HI column densities between 1020
and 1024 cm−2 , as shown in Figures 1.1 and 2.6. This fitting formula can be implemented in a variety of simulations to account for HI shielding of H2 which we
have now shown has a significant impact on the value of Jcrit and thus the thermal
evolution of protogalaxies.
The change in Jcrit can greatly affect predictions of the number of haloes that
may become massive black hole seeds through the process of direct collapse. The
frequency of haloes being exposed to super–critical LW decreases exponentially on
the value of the critical flux, Jcrit , so this result may indicate a dramatic decrease
in the number of direct collapse candidate haloes.
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4.2

Assumptions and Uncertainties

Due to the complexity of the system we are studying, there are many assumptions and sources of uncertainty necessary to make solving the problem tractable.
We used steady state H2 rovibrational populations from cloudy in order to determine the “true” shielding fraction which may not account for time dependent
effects in the gas. We also used a local column density approximation for the
chemistry calculations for computational feasibility. The incident radiation field
was assumed to be an isotropic, idealized Blackbody spectrum which may not fully
capture the incident radiation for a synchronized collapse scenario.
There is also work on alternative formation methods for supermassive black
holes in the early universe. Some such theories, including rapid merger histories,
may not require a Jcrit in order to explain the large accumulated mass for black
holes at such early times.

4.3

Future Work

Possible follow-up work includes 1) studying HI shielding of H2 in minihaloes, 2)
simulating the history of ACHs to study star formation suppression due to isotropic
cosmological background UV radiation before the halo reaches the atomic cooling
threshold, and 3) investigating the fragmentation in direct collapse haloes in the
late stages of collapse.
The haloes we tested in this work were ACHs with relatively large masses,
(2.4 − 8.2) × 107 M . Minihaloes are less massive and do not reach as high of
temperatures or densities, so incorporating HI shielding of H2 may have a different
impact on their thermal evolution than it does on ACHs. Since the ACHs that
we have studied in this work only barely reach the threshold HI column density,
23
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NHI >
∼ 10 cm , it is unlikely that minihaloes would reach high enough densities
for HI shielding of H2 to become important in the determination of Jcrit .

Many models of direct collapse assume a star and metal free ACH that is then
irradiated by a neighboring galaxy emitting a strong LW flux. However, candidate
haloes must accumulate a large mass (∼ 108 M at z ∼ 10) before crossing the
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ACH threshold and star formation must be suppressed prior in order for direct
collapse to occur. The required isotropic UV flux to suppress star formation while
ACHs are forming could be determined in order to assess the likelihood that metalfree (star-free) ACHs could form in the first place as is typically assumed in direct
collapse scenarios.
Future work could also aim to investigate at high-resolution the fragmentation
in the late stages of collapse of a UV-irradiated ACH. Many simulations stop once
the halo begins to collapse and do not have adequate resolution to study the mass
or fate of dense clumps that have formed. Running the simulations to higher
densities would allow examination of the number of clumps that form, their mass
accretion rates, and whether multiples eventually merge.

Chapter 5
Appendix
The following is an example of an enzo input configuration file. Figure 5.1
shows lines 1–52 of the file and Figure 5.2 shows lines 53–102 of the file. I have
included a broad overview of many of the parameters specified in this file.
Lines 1–8 specify initial grid properties and general gravity properties. Lines
10–22 define cosmology simulation settings including the current baryon fraction
and cold dark matter fraction (lines 10 and 11). Lines 12–15 and 17–22 specify
the filenames for different initial condition files produced by music. Lines 26–34
set cosmological parameters including current matter and dark energy fractions
(lines 27 and 28), Hubble’s constant (line 29), size of the simulated box (line 30),
and initial and final redshifts (lines 32 and 33). Note that there are several other
parameters specified later that can cause the simulation to stop before reaching
the final redshift. Lines 36–51 specify high–resolution and nested grid regions with
the grid edges determined by the rockstar and music procedure described in
§2.1.
Lines 58–67 refer to outputs generated when the simulation reaches certain redshifts. Lines 69–70 define conditions for stopping the simulation and lines 72–81
define conditions for increasing resolution. Lines 93–94 indicate the inclusion of
star particles, not included in this project. Lines 97–102 specify chemistry and
cooling parameters. If line 100, “RadiationShield” is set to 2, then HI shielding is
not included, and if it is set to 3, then HI shielding is included. Line 101, “RadiationSpectrumNormalization” sets the value of J21 for the incident radiation.
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Figure 5.1: Lines 1–52 of enzo input parameter file.

28

Figure 5.2: Lines 53–102 of enzo input parameter file.
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To find Jcrit , I would have RadiationShield set to 2 and run several simulations
with different values for RadiationSpectrumNormalization. Once I had identified
Jcrit without HI shielding, I would change RadiationShield to 3 and then run another set of simulations with different values for RadiationSpectrumNormalization
to identify Jcrit when HI shielding is included.
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