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Chapter 4
Lyman alpha emission from the
first galaxies: Implications of UV
backgrounds and the formation
of molecules ∗

ABSTRACT —The Lyman alpha line is a robust tracer of high redshift galax-
ies. We present estimates of Lyman alpha emission from a protogalactic halo illu-
minated by UV background radiation fields with various intensities. For this pur-
pose, we performed cosmological hydrodynamics simulations with the adaptive
mesh refinement code FLASH, including a detailed network for primordial chem-
istry, comprising the formation of primordial molecules, a multi-level model for
the hydrogen atom as well as the photo-ionization and photo-dissociation pro-
cesses in a UV background. We find that the presence of a background radiation
field J21 excites the emission of Lyman alpha photons, increasing the Lyman α
luminosity up to two orders of magnitude. For a halo of ∼ 1010 M¯, we find
that a maximum flux of 5× 10−15 erg cm−2 s−1 is obtained for J21 × fesc = 0.1,
where fesc is the escape fraction of the ionizing radiation. Depending on the en-
vironmental conditions, the flux may vary by three orders of magnitude. For
J21 × fesc > 0.1 the Lyman alpha luminosity decreases as the atomic hydrogen
abundance becomes rather small. The fluxes derived here can be probed using
Subaru and the upcoming James Webb Space Telescope. The emission of Ly-
man alpha photons is extended and comes from the envelope of the halo rather
than its core. In the center of the halo, line trapping becomes effective above
columns of 1022 cm−2 and suppresses the emission of Lyman alpha. In addi-
tion, cooling by primordial molecules may decrease the gas temperature in the
central region, which further reduces Lyman α emission. In the central core, H2
is photo-dissociated for a background flux of J21 ≥ 1000. For weaker radiation
fields, i.e. J21 < 0.1, H2 and HD cooling are particularly strong in the center of
the halo, leading to gas temperatures as low as ∼ 100 K. We also performed a pa-
rameter study with different escape fractions of ionizing photons and explored
the relative role of ionizing and dissociating radiation. We find that Lyman al-
pha emission depends more on the strength of the ionizing background. For a
constant ionizing background, the Lyman α flux increases at least by an order of
magnitude for stronger photodissociation.

∗Originally published as: Latif, M. A., Dominik R. G. Schleicher, Spaans M., Zaroubi S., Astronomy
and Astrophysics, Volume 532, id.A66.
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4.1 Introduction

The Lyman alpha line is an important probe of the first galaxies as they are poten-
tially strong Lyman alpha emitters. Recently, observations of galaxies have been

reported at z > 7 (Bouwens et al. 2011; Bunker et al. 2010; Vanzella et al. 2010). The
upcoming James Webb Space Telescope (JWST) will further enhance our ability to
detect galaxies at higher redshift by exploring them with higher sensitivity and test
our current understanding of early structure formation. The detection of the Lyman
alpha line will be a key feature in the observation of galaxies in the early universe.

Numerous Lyman alpha emitters have been detected so far at intermediate red-
shifts (Lehnert et al. 2010; Steidel et al. 2000; Ouchi et al. 2009; Saito et al. 2008, 2006;
Yang et al. 2009; Matsuda et al. 2004). The origin and source of these blobs is still not
completely known. The energy sources of these Lyman alpha blobs include photo-
ionization by stars or miniquasars (Haiman & Rees 2001; Jimenez & Haiman 2006).
Another potential driver of these emitters could be the emission from cold streams
and accretion flows (Nilsson et al. 2006; Smith & Jarvis 2007). The accreted gas re-
leases its binding energy in the gravitational potential of the halo, which results in
the generation of shocks and the emission of Lyman alpha photons. This scenario
has also been supported by theoretical studies and numerical simulations (Haiman
et al. 2000b; Dijkstra et al. 2006b; Yang et al. 2006; Dijkstra et al. 2006a; Wise et al.
2008; Dijkstra & Loeb 2009a; Dekel et al. 2009; Goerdt et al. 2010; Pawlik et al. 2010;
Faucher-Giguère et al. 2010; Latif et al. 2011b). Some of the observed Lyman alpha
blobs have been associated with massive star forming galaxies (Matsuda et al. 2006).

In our previous study (Latif et al. 2011a), we estimated the emission of Lyman
alpha photons from a protogalactic halo in the absence of UV radiation. We found
that the emission of Lyman alpha radiation is extended and originates from accre-
tion flows and virial shocks. The situation is however more complicated, due to the
presence of ionizing and photodissociating backgrounds, as well as the formation of
molecules (Johnson et al. 2007). These are the effects we explore here.

The intense Lyman-Werner background flux can photo-dissociate H2 molecules
in atomic cooling halos with virial temperature > 104 K (Machacek et al. 2001;
Omukai 2001; Johnson et al. 2007; O’Shea & Norman 2008; Greif et al. 2008; Omukai
et al. 2008; Dijkstra et al. 2008; Shang et al. 2010). It is found that the strength of the
UV flux below J21 = 103 only delays the collapse and does not quench the formation
of H2. Schleicher et al. (2010b) confirmed the previous results and found that for
J21 > 103 H2 does not form, but the gas temperature nevertheless declines down to
5000 K due to cooling from higher electronic transitions of hydrogen atom.

The implications of ionizing radiation for the chemistry in the halo are, on the
other hand, much more unexplored. During the epoch of reionization, background
UV radiation generated by stellar populations will photoionize the intergalactic gas
(Gnedin 2000; Schleicher et al. 2008a; Thomas & Zaroubi 2008; Wise & Abel 2008a;
Maselli et al. 2009). The recombination following the absorption of stellar photons
may further boost the Lyman alpha emission from accretion flows. Furlanetto et al.
(2005) found that the photoionizing background can power the Lyman alpha emis-
sivity and can explain the observed Lyman alpha blobs. Our main goal here is to
study the impact of background UV on Lyman alpha emission and to see how it
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influences the spatial emission profile.
Gas ionized by UV radiation cools faster than it recombines, preserving an in-

creased ionization degree. The free electrons act as catalysts in the formation of
molecular hydrogen (Saslaw & Zipoy 1967; Galli & Palla 1998; Yoshida et al. 2007).
In the absence of dust, H2 formation proceeds via the gas phase, with the dominant
formation channel being due to H−:

H + e− → H− + γ. (4.1)

This then leads to H2 formation via the reaction

H + H− → H2 + e−. (4.2)

Another prominent coolant in primordial gas is HD. Its dominant formation path
is via collisions between H2 molecules and ionized deuterium:

H2 + D+ → HD + H+. (4.3)

While H2 molecules can cool the gas to a few hundred Kelvin, HD can decrease the
temperature even further if it is abundant enough. While the H2 molecule is per-
fectly symmetric and thus has no permanent dipole moment, the deuterium breaks
the symmetry of the molecule, thus creating a small but non-negligible dipole mo-
ment. This way, the low energy dipole transitions are no longer forbidden, and the
spontaneous emission rates are generally increased.

In order to investigate the influence of stellar UV radiation on the emissivity
of Lyman alpha photons, we have used state-of-the-art high resolution cosmolog-
ical simulations and include for the first time the detailed chemistry of all relevant
processes for primordial gas (i.e., photo-ionization, photo-dissociation, collisional
ionization, collisional and radiative recombination and the formation of molecules),
treating atomic hydrogen as a multi-level atom and including the effects of line trap-
ping. In this paper, we present a number of simulations with different strengths of
background radiation fields and escape fractions of ionizing photons to explore the
relative importance of ionizing and photo-dissociating radiation. We follow the col-
lapse of a zero metallicity halo and compute the Lyman α emissivity under different
conditions.

This paper is structured as follows. In section 2, we briefly discuss the simula-
tion setup and numerical methods used. In section 3, we give an overview of our
chemical model. In section 4, we present the results obtained. Finally, in section 5
we discuss our conclusions.

4.2 Numerical Methodology
To investigate the role of background radiation fields in the emission of Lyman al-
pha photons from protogalactic halos, we use the code FLASH (Dubey et al. 2009).
FLASH is an adaptive mesh, parallel simulations code. It is a module-based Eule-
rian grid code which can solve a broad range of astrophysics problems. It makes
use of the PARAMESH library to handle block structured adaptive grids. It uses
the message passing interface (MPI) library to achieve portability and scalability on
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many different parallel systems. The adaptive mesh technique is used to achieve
high dynamic resolution with minimum computational time. We use adaptive mesh
refinement (AMR) to add resolution in the regions of interest. We use an unsplit hy-
dro solver with the 3rd order piece-wise parabolic method (PPM) for hydrodynamic
calculations (Colella & Woodward 1984). This method is well suited for flows in-
volving shocks and contact discontinuities. A multigrid solver is used to solve for
self-gravity (Ricker 2008). The dark matter is simulated based on the particle mesh
(PM) method.

We run the COSMICS package developed by Bertschinger (1995) to produce Gaus-
sian random field initial conditions. We make use of constraint realizations imple-
mented in the grafic code (part of the COSMICS package) to select a massive halo.
We start our simulation at redshift 100 as determined by COSMICS. Our computa-
tional box has a comoving size of 10 Mpc. We use periodic boundary conditions both
for hydrodynamics and gravity. We start the simulations with an initial resolution of
5123 grid cells in the central 1 Mpc region and set the rest of the box to a resolution
of 1283 grid cells. We initialize 2.6× 106 particles to compute the evolution of dark
matter. For the cosmology, we adopt the ΛCDM model with the WMAP 5-year pa-
rameters (Ωm = 0.2581, H0 = 72 km s−1 Mpc−1, Ωb = 0.0441) and a scale-invariant
power spectrum with the preferred value of σ8 = 0.8. We select the most massive
halo and follow its collapse using the AMR method. We impose 7 additional levels
of refinement, which gives 15 levels of refinement in total. This corresponds to a
dynamical resolution limit of 75 pc in comoving units. We resolve the Jeans length
with a minimum of 20 cells. This should be enough to properly resolve the essential
physics, for further details about the significance of resolution criteria see Federrath
et al. (2011). This automatically ensures that we also fulfill the Truelove criterion to
suppress artificial fragmentation (Truelove et al. 1997).

Table 4.1: List of simulations presented in this paper
Nr. UV flux Escape fraction Lyman alpha Luminosity Lyman alpha flux

J21[erg/cm2/s/Hz/sr] [erg/s] [erg/cm2/s]
1 0.01 0.01 1043 5× 10−18

2 0.1 0.01 1044 10−17

3 10 0.01 1046 5× 10−15

4 100 0.01 5× 1045 10−15

5 1000 0.01 1045 2× 10−16

6 0.01 0.1 1044 4× 10−17

7 0.1 0.1 1046 5× 10−15

8 0.01 0.5 1046 5× 10−15

9 0.1 0.5 1046 5× 10−15

4.3 Chemistry and Cooling
Primordial gas is mainly composed of hydrogen and helium. Microphysical pro-
cesses of these atoms play a vital role in the formation of the first structures. Stars
and galaxies are formed in protogalactic halos where collapse is induced due to cool-
ing by hydrogen lines. Lyman alpha line cooling is the dominant process in metal



CHEMISTRY AND COOLING 63

free gas for temperatures down to 8000 K. H2 and HD are the only relevant coolants
at temperatures below 104 K (Galli & Palla 1998; Lepp & Shull 1984). Saslaw & Zipoy
(1967) were first to realize the importance of molecular hydrogen formation through
gas phase reactions. They found that trace amounts of H2 can be formed through
gas-phase reactions already at z ∼ 300. The rotational and vibrational modes of
molecular hydrogen can be excited at low temperatures and cool the gas to a few
hundred Kelvin. HD is an important coolant around 100 K and can cool the gas to
lower temperatures.

We expect that the metallicity in the IGM may still be close to primordial at high
redshift, in particular for isolated halos. For Lyman α emission driven by accretion
and infall, adopting a primordial composition thus allows us to capture the domi-
nant effects regulating the emission process. Even for metallicities up to 1% solar,
cooling procedes mostly via primordial coolants for the densities in our simulations
(Omukai et al. 2005; Jappsen et al. 2007). Depending on the properties of dust grains,
they could potentially enhance H2 formation (Cazaux & Spaans 2009). However,
we assume here that either the grain-size distribution is such that this effect is not
significant, or that the additional H2 formation is suppressed by the photodissociat-
ing background. The effects of dust will be explored in more detail in an upcoming
paper.

To study the thermal evolution of the gas, it is crucial to model the chemistry
of primordial gas in detail. Solving the rate equations self-consistently along with
hydrodynamics is a computationally demanding task due to the stiff nature of the
reaction network. We devised a chemical network consisting of 36 reactions which
involve 23 collisional and 13 radiative processes. The reactions and rate coefficients
for these processes and their references are listed in table 4.2 of appendix A. We solve
the rate equations of the following 12 species H, H+, He, He+, He++, e−, H−, H2,
H+

2 , D, D+, HD. Our network is based on Anninos et al. (1997); Abel et al. (1997);
Schleicher et al. (2008b); Glover & Jappsen (2007), see Appendix A, and includes col-
lisional ionization, radiative recombination, photo-ionization and photo-dissociation
rates of all the species. The rate equations for these species are solved using the back-
ward differencing scheme (BDF), see Anninos et al. (1997). The BDF method is not
fully implicit but still more accurate and stable than other schemes. We have im-
plemented a comprehensive model for cooling and heating of primordial gas. It
comprises collisional excitation cooling, collisional ionization cooling, recombina-
tion cooling, Bremsstrahlung cooling, Compton cooling/heating, photo-ionization
heating and photo-dissociation heating, as well as a multi-level model for atomic
hydrogen line cooling. We also included the cooling due to H2 and HD molecules.
The heating / cooling rates are listed in table 4.3 of appendix A. Modeling details of
the chemical network are summarized in appendix A.

Another important ingredient of our modeling is the effect of line trapping of Ly-
man alpha photons. Lyman alpha emission is an efficient cooling process for halos
with virial temperatures > 104 K. It is oftenly presumed that gas remains effectively
optically thin to Lyman alpha cooling, but large hydrogen column densities produce
large optical depths to these lines. At optical depths τ0 > 107, the photon escape
time typically becomes longer than gas free fall time. Because of the weak depen-
dence of photon escape time on the gas number density, Tph ∝ n−1/9, as compared
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to free fall time, Tff = 1.0/(Gρ)1/2, trapping becomes effective during the process of
collapse (Spaans & Silk 2006). A detailed description of our treatment for Lyman al-
pha trapping and the modeling of the hydrogen line transitions is given in Appendix
A.

Schleicher et al. (2010b) found that in the presence of Ly α line trapping, total cool-
ing is compensated as it proceeds through the other transitions of atomic hydrogen.
The transition from 2p-1s produces Lyman alpha photons while the transition from
2s-1s produces two continuum photons. These continuum photons are not trapped
and cooling proceeds through them, depending on the ambient density. To model all
these mechanisms, we have treated atomic hydrogen as multi-level atom by includ-
ing up to the fifth excited state. We have also considered the electronic transitions
from higher levels of hydrogen.

The radiation produced during the reionization process can have important im-
plications for subsequent structure formation. These photons cannot only photo-
heat and ionize the gas but also can photo-dissociate the H2 and HD molecules. The
input spectrum is a blackbody with T∗ = 104 K, with the intensity above 13.6 eV
reduced by the escape fraction fesc as (Omukai et al. 2008)

Jex
ν = J2110−21[Bν(T∗)/BνH ] f (ν) erg cm−2sr−1s−1Hz−1 (4.4)

where J21 is the mean intensity of radiation at the Lyman limit, T∗ is the color tem-
perature of a star. f(ν) is one for non-ionizing photons and equal to fesc for ionizing
photons. Bν(T) is the stellar radiation intensity (i.e. black body spectrum),

Bν(T) =
2hν3

c2
1

(exp(hν/kT)− 1)
. (4.5)

where h is Planck constant, ν is the frequency of radiation, k is Boltzmann con-
stant and T is the radiation temperature. JIH = J21 × fesc represents the ionizing
soft UV flux and J21 is the background UV flux below the Lyman limit (i.e. 13.6 eV)
in units of 10−21 erg/cm2/s/Hz/sr. While propagating through the intergalactic
medium, the photons are attenuated as the optical depth depends on the frequency.
In order to approximately account for the effect of self-shielding of gas in the halo,
we estimate the optical depth as a function of frequency as

τi(νj) = Σiσi(νj)× ni × λJ (4.6)

where i denotes the species, j the frequency bin, σ the photo-ionization cross-section
of the given species, ni its number density and λJ is the local Jeans length. For a
given optical depth, attenuation of the radiation field is calculated as

Jatt(ν) = Jext(ν)× exp(−τ(νi)). (4.7)
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Figure 4.1: The panels in this figure show the density and temperature slices at redshift 5.5.
The left-hand panels show density slices through the center of the halo for J21 = 1000, 10, 0.1
from top to bottom and the right-hand panels show the corresponding temperature slices.
Velocity vectors are overplotted on the density slices. The figure shows the inner region of 20
kpc in comoving units. All plots shown here are for an escape fraction of 1%.
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Figure 4.2: Figure shows the density radial profiles for different escape fractions. The left
panel shows density profiles for an escape fraction of 1%. The right panel shows the density
radial profile for escape fractions of 10% and 50%.

Figure 4.3: Left panel shows the radial velocity profile for different background UV radi-
ation fields as given in the legend. Right panel shows the tangential velocity radial profile
of the halo for different background UV fields. For the tangential velocity, the average was
calculated over the absolute values. So, it is a measure of turbulence rather than rotation.

4.4 Results

We perform nine cosmological simulations with different strengths of the background
UV field and escape fractions of ionization radiation as listed in table 4.1. We start
our simulations at redshift 100. We note that density perturbations decouple from
the Hubble flow and begin to collapse through gravitational instabilities. During
the non-linear evolution phase gas collapses in the dark matter potentials and gets
shock heated. We select a halo of 109 M¯ at redshift 10 and follow its collapse down
to redshift 5.5. At a redshift of about 8, gas becomes photo-ionized as we switch on
the ionizing background produced by reionization. The temperature of the gas is
raised above 104 K due to photo-ionization heating depending upon the strength of
the background flux. Photo-ionized gas recombines and begins to cool and collapse
because of recombination cooling. The virialization process continuously transforms
the gravitational potential energy into kinetic energy of gas and dark matter. Due to
the dissipative nature of the gas, part of the gravitational energy goes into thermal
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Figure 4.4: The escape fraction of ionizing radiation is 1% for all the panels shown. Colors
show different values of background intensities J21 as indicated in the legend. The upper
left panel of this figure shows the temperature radial profile of the halo. The HII abundance
radial profile for the halo is depicted in the upper right panel. H2 abundance is shown in the
lower left panel. The HeII radial profile of the halo is depicted in the lower right panel. It can
be noted that for higher values of J21, the IGM gas is heated up to 105 K and the degree of
ionization is enhanced. H2 is photo-dissociated for stronger radiation fields.

energy and is radiated away. During virialization, the gas becomes turbulent and set-
tles in the center of a halo through cold streams as shown in figure 4.1. The temper-
ature of the gas in filamentary accretion is ∼ 104 K and densities are 10−2 − 1 cm−3.
The density radial profiles are shown in figure 4.2. It can be seen from the figure
that density varies with distance r like r−2.8. Our simulations reach a maximum den-
sity of a few times 105 cm−3. Small fluctuations in the density radial profiles are
due to the clumpiness of the medium as the halo is not perfectly symmetric. We
show the radial velocity profile for three selected cases in the left panel of figure 4.3.
The figure shows that gas is falling into the center of the halo. The variations in the
radial velocity profile at the outer radii are due to different accretion rates for var-
ious background radiation fields. The gas in the center of the halo becomes stable.
The right panel of figure 4.3 shows the tangential velocity radial profile. Variations
in tangential velocity are caused by shocks. The total rms velocity hardly depends
on the radiation field, as it is mostly due to the virial temperature. We find typical
velocities of about ∼ 50 km/s as expected from the virial temperature. Virialization
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Figure 4.5: The upper left panel shows the column density radial profile of the halo. The
emissivity radial profile for the halo is depicted in the upper right panel, where the dot-dashed
line shows the Lyman alpha emissivity and the triple dot-dashed line shows the total emissiv-
ity of all the coolants. The lower left panel shows the luminosity radial profile. The flux radial
profile of the halo is depicted in the lower right panel. All panels in this figure have an escape
fraction of 1% for ionizing photons. Colors represent the different values of background in-
tensity J21 as shown in the legend. Emissivity of Lyman alpha photons increases upto J21 = 10
and starts to decrease for intenser radiation fields as the neutral fraction goes down. Lyman
alpha luminosity and flux show the same behavior.

shocks also play an important role in the emission of Lyman alpha, for further details
see Latif et al. (2011a).

We see that for J21 < 10, the temperature of the gas is ∼ 104 K while for higher
intensities (i.e. J21 > 10) it reaches 105 K. The temperature of 105 K is driven by the
ionization of helium, which absorbs more energetic photons. Cooling due to helium
lines becomes effective at temperatures above 5× 104 K and keeps the gas tempera-
ture at ∼ 105 K. At densities of 1 cm−3, cooling due to radiative recombination be-
comes very effective and cools the gas down to 104 K. The gas in the surroundings of
the halo remains hot (> 104 K) as shown in the top left panel of figure 4.4. Similarly,
the degree of ionization varies depending upon the impinging radiation intensity, as
shown in the upper right panel of figure 4.4. It is small for lower fluxes and large for
higher fluxes. We also see that helium remains mostly neutral for lower fluxes and
becomes singly ionized for a stronger radiation background. The He+ abundance is
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Figure 4.6: The upper left panel of this figure shows the temperature radial profile of the
halo. The HII abundance radial profile for the halo is depicted in the upper right panel. H2
abundance is shown in the lower left panel. The HeII radial profile of the halo is depicted
in the lower right panel. The legend in each panel shows the values of the escape fraction of
ionizing photons. The corresponding strength of the background radiation field is also shown
in the legend. It is found that using a higher escape fraction of ionizing radiation, the degree of
ionization is enhanced and gas is heated upto higher temperatures for the same background
radiation field strengths. The formation of H2 is not affected much by a higher escape fraction
of ionizing photons.

shown in the bottom right panel of figure 4.4. At densities > 1 cm−3, the recombina-
tion rate becomes high and the gas begins to recombine. Consequently, the degree
of ionization declines.

For low background fluxes, a H2 abundance of 10−6 is formed at low densities
(i.e. 10−2 cm−3) and a temperature of 104 K, while its formation remains inhib-
ited for higher fluxes at low densities. For a high background radiation field, i.e.,
J21 ≥ 1000, H2 is photo-dissociated even in the center of the halo. For weaker radia-
tion fields photo-dissociation of molecular hydrogen becomes ineffective and the H2
abundance reaches the universal value (i.e., 10−3). The H2 radial profile for different
fluxes is shown in the bottom left panel of figure 4.4. Our results are consistant with
previous studies (Shang et al. 2010; Dijkstra et al. 2008; Bromm & Loeb 2003; Johnson
et al. 2011). We also computed the column densities for different background fluxes,
finding that the column density is higher for low fluxes in the envelope of a halo due
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Figure 4.7: The upper left panel shows the column density radial profile of the halo. The
emissivity radial profile for the halo is depicted in the upper right panel, where the dot-dashed
line shows the Lyman alpha emissivity while the triple dot-dashed line shows the total emis-
sivity of all the coolants. The lower left panel shows the luminosity radial profile. The flux
radial profile of the halo is depicted in the lower right panel. The escape fraction of ionizing
radiation and the strength of background radiation field is shown in the legend of each panel.
The emissivity of Lyman alpha is significantly enhanced for higher escape fraction and a given
background UV field strength. The same holds for luminosities and fluxes.

to a higher neutral gas fraction. Conversely, the column is low for higher radiation
field strengths because of a higher ionization degree. The upper left panel of figure
4.5 shows the column density radial profile.

Based on these results, we computed the emissivity of Lyman alpha photons,
finding that it is enhanced in the presence of a background incoming radiation field.
It increases with the strength of the radiation field up to 10−22 erg/cm2/s/Hz/sr (i.e.
J21 × fesc) and then starts to decline for higher intensity. This decline in emissivity is
a consequence of the decreasing abundance of atomic hydrogen. At columns higher
than 1022 cm−2, trapping of Lyman alpha becomes effective and consequently the
emission of Lyman alpha photons diminishes while cooling still proceeds through
higher electronic transitions of hydrogen. For a fixed ionizing background, the emis-
sion increases with increasing photo-dissociation flux. The emissivity of Lyman al-
pha photons as well as the total emissivity is plotted against radius in the upper
right panel of Fig. 4.5. Lyman alpha emission is higher in the envelope of the halo
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Figure 4.8: Cooling rates of H2, HD, as well as H(2p-1s), H(2s-1s) and H(3-2) transitions are
plotted against radius in both panels. Left panel is for J21 = 1000 with a 1% escape fraction of
ionizing radiation. Right panel is for J21 = 0.1 with an escape fraction of 10%.

Figure 4.9: Radial profiles of different coolants as mentioned in the legend for a background
radiation field of J21 = 0.01 and a 1% escape fraction of ionizing radiation.

and sharply declines towards the center. This behavior of Lyman alpha emission is
due to line trapping of Lyman alpha photons and is consistant with previous stud-
ies (Latif et al. 2011a; Schleicher et al. 2010b; Spaans & Silk 2006). In addition to the
line trapping, also the cooling by H2 and HD may prevent Lyman alpha emission,
as it drives the gas to lower temperatures (i.e., the run J21 = 10). The total emissiv-
ity remains roughly constant as cooling is compensated by two-photon continuum
processes. Moreover, for higher background radiation field strengths the total emis-
sivity from hydrogen electronic states is higher than for low radiation fields. This
is due to a higher molecular hydrogen fraction for low fluxes and a lower H2 frac-
tion for high fluxes through photodissociation. The local variations in emissivity are
because of the clumpiness of the medium.

The enclosed Lyman alpha luminosity as a function of radius is shown in the
bottom left panel of figure 4.5. The luminosity increases with the strength of the



72 CHAPTER 4: ROLE OF UV BACKGROUND

ionizing radiation field up to 0.1 (in units of J21) and then decreases with increasing
radiation field strength similar to the emissivity. Luminosity values are of the order
of 1043 − 1046 erg/s which are comparable to observed Lyman alpha blobs as well
as estimates from numerical simulations (Ouchi et al. 2009; Lehnert et al. 2010; Go-
erdt et al. 2010; Dijkstra et al. 2006a). We also computed the flux. We found that the
flux mostly emerges from the envelope of a halo rather than its center and is signifi-
cantly enhanced in the presence of a background UV field. The total flux varies from
10−18 − 10−15 erg/cm2/s depending upon the ambient radiation field strength. Our
results are in agreement with our previous finding that emission of Lyman alpha is
extended and emerges from the hot gas in the surroundings of a halo.

Due to large uncertainties in the escape fraction of ionizing radiation (Fernandez
& Shull 2010), we have performed a number of simulations to assess the impact of
different escape fractions on the emissivity of Lyman alpha photons. We performed
simulations with escape fractions of 1%, 10% and 50 % for a background radiation
field of J21 = 0.01 and 0.1. We found that for a similar value of J21 describing the
strength of photodissociation, an increasing escape fraction of ionizing photons en-
hances the temperature of the gas. Radial profiles of temperature, H+, He+ and H2
abundances are shown in figure 4.6. As expected, the degree of ionization increases
for higher escape fraction. The gas is still neutral in the center of the halo but be-
comes ionized in the surroundings. Column density is shown in the upper right
panel of figure 4.7. It is similar to the case with low escape fraction. Differences in
the columns is due to different gas ionization fractions. The upper left panel of figure
4.7 shows the emissivity of Lyman alpha photons. It is found that for the same back-
ground value of J21, the emissivity is enhanced for higher escape fractions. It reaches
a maximum in the envelope of the halo and sharply drops as trapping becomes ef-
fective in the center. The total emissivity is again compensated by cooling through
higher states of hydrogen atoms. There are some local variations in the emissivity
profile due to the density structure, fluctuations in temperature and the ionization
degree. We also computed the luminosity and flux for this case and found that the
flux is boosted for a higher escape fraction. The radial profiles of luminosity and flux
are shown in the bottom panels of figure 4.7. Luminosities and fluxes for all cases
are summarized in table 4.1.

We also computed the emissivity of various coolants to assess their relative im-
portance for the cooling. We here show three typical cases for background UV fluxes
of J21 = 0.01, 0.1 and 1000. Radial profiles of cooling rates from H(2p− 1s), H(2s−
1s) and H(3 − 2) transitions as well as H2 and HD ro-vibrational transitions are
shown in figures 4.8 and 4.9. The left panel of figure 4.8 shows the cooling rates for
J21 = 1000. It is found that at radii > 3× 1020 cm cooling is only coming from elec-
tronic transitions of hydrogen. Notable transitions are H(2p-1s), H(2s-1s) and H(3-2).
The population of these transitions is regulated by radiative de-excitation and colli-
sional excitation, which makes them efficient coolants. The cooling from H2 and HD
remains negligible at these radii. At radii between 3× 1020− 1020 cm line trapping of
Lyman alpha photons becomes effective and two-photon continuum emission (2s-1s
transition) becomes dominant. In the center of the halo (< 1020 cm) cooling is regu-
lated by trace amounts of molecular hydrogen. The right panel of figure 4.8 shows
the cooling rates for J21 = 10. At radii > 1021 cm cooling is dominated by electronic
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transitions of hydrogen. Molecular hydrogen becomes an effective coolant for radii
between 1021 − 1020 cm as cooling from electronic transitions of hydrogen becomes
negligible due to lower gas temperatures. In the core of the halo, HD cooling domi-
nates over H2 cooling for J21 ≤ 0.1. It can be seen in figure 4.9 that, similar to previ-
ous cases, at radii > 1021 cm the halo is cooled by electronic transitions of hydrogen.
Emission from these transitions becomes negligible at lower radii due to lower gas
temperatures (< 103 K). Again, cooling in the center of the halo is dominated by HD.

4.5 Discussion and Conclusions

We have performed 9 simulations in total to investigate the role of the UV back-
ground radiation field in the emission of Lyman alpha photons. We used the adap-
tive mesh refinement code FLASH to carry out cosmological simulations and cou-
pled it with a chemical network that solves the rate equations of 12 species. Our
chemical network includes collisional ionization, radiative recombination, photo-
ionization and photo-dissociation processes, the formation of molecules and a multi-
level model of atomic hydrogen. We found that the presence of a background flux
photo-ionizes the gas and raises the gas temperature to ≥ 104 K. We found that for
weak radiation fields (J21 < 100), cooling due to H2 decreases the temperature to at
least 1000 K. For J21 < 0.1, cooling by HD is important as well, leading to gas tem-
peratures of ∼ 100 K. We note that the HD cooling function was recently revisited
by Coppola et al. (2011). However, they only find differences at high temperatures,
where H2 dominates the cooling. The thermal evolution in these cases is remarkably
different and provides an environment conducive to star formation in the halos irra-
diated by weaker radiation fields, while stronger fields may lead to the formation of
massive objects.

We noted that the ubiquity of background flux enhances the emission of Lyman
alpha photons. We found that the emission of Lyman alpha photons is boosted with
ionizing flux up to 10−22 erg/cm2/s/Hz/sr. The emission starts to decrease for
higher values of the ionizing flux. This decline in the emissivity of Lyman alpha
photons is because of the small abundance of atomic hydrogen in the presence of
intense radiation fields. The flux predominantly arises from collisional excitation of
atomic hydrogen. We found that the contribution from the recombination is at least
few orders of magnitudes smaller.

We also noted that the emission of Lyman alpha photons emerges from the en-
velope of a halo rather than its center. At columns above 1022 cm−2 trapping of Ly-
man alpha photons becomes effective and consequently the emissivity drops sharply
above these columns. Our results are consistent with previous studies (Spaans & Silk
2006; Schleicher et al. 2010b; Latif et al. 2011b). We also computed the flux emanating
from the halo. We find that the flux is of the order of 10−17− 5× 10−15 erg/cm2/s for
different background UV fluxes. Similar to the emissivity, the flux is extended and
comes from the relatively hot gas in the outskirts of a halo. The Lyman alpha wave-
length observed at redshift 5.5 will be 0.79 µm. This should be detectable with the
upcoming telescope JWST. NIRcam/NIRSpec instruments available on JWST will be
well suited for its detections. The mass of our halo is 1010 M¯ and has an angular size
of 0.52 arc-sec at redshift 5.5, attainable by JWST. Subaru telescope will also be able
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to detect this flux using suprime-cam in combination with intermediate-band filters
(IA679, IA505) as discussed in the previous studies, see Saito et al. (2006). Our results
are in the range of planned surveys in future with Subaru which will make use of
next-generation wide-field camera, Hyper Suprime-Cam, and several narrowband
filters. We also computed the surface brightness profiles for different background
UV fluxes which are shown in figure 4.10. The surface brightness profiles are flat as
most of the flux emerges from the envelope of a halo rather than its core. They are
comparable to the previously observed values (Saito et al. 2006; Ouchi et al. 2009).

In the presence of large velocity gradients, line trapping of Lyman alpha photons
does not remain effective. For τ> 107, only photons far-away in the line wings will
be able to escape. Trapping in our case occurs at radii > 1020.5 cm, where large ve-
locity gradients are significantly reduced. Scattering of Lyman alpha photons which
perform a random walk in frequency and space space will blue shift the frequen-
cies leading to an upper limit on the trapping time ∼ tff(∆v/v) (Rees & Ostriker
1977). Although, there are some uncertainties in the diffusion time scale. The issue
of trapping has been studied in detail by Spaans & Silk (2006). They found that weak
dependence of photon escape time on number density (tesc ∝ n−1/9) as compared
to the free fall time results in tesc/tff ∼ n7/18. Consequently, trapping will remain
effective.

We found that the critical value of the background UV flux for H2 formation is
J21 = 1000, which is in accordance with previous estimates (Omukai 2001; Bromm &
Loeb 2003; Wise & Abel 2007b; Shang et al. 2010). We also noticed that the HD abun-
dance remains lower than the critical value (i.e., 10−6) for J21 > 0.1. It could be due to
little amount of H2 formation and direct photodissociation of HD. Consequently, HD
cooling becomes important for lower values of background flux (i.e., J21 < 0.1). Our
results are consistent with the critical value of UV flux for HD derived by Wolcott-
Green & Haiman (2011). Collisions produce trace amounts of HD at high densities
which is too small to dominate the cooling for higher values of J21. It has been found
that HD cooling is mainly controlled by H2 formation rather than direct dissociation.
For further details on the role of UV radiation in the formation of HD and its impli-
cations for the structure formation see dedicated studies McGreer & Bryan (2008);
Wolcott-Green & Haiman (2011). We also performed simulations to take into ac-
count the local variations in the background flux, i.e., J21 = 100 and 1000. We found
that for these cases, emission of Lyman alpha photons is reduced, even for an escape
fraction of even 1%, compared to cases with lower values of J21 = 0.1 and 0.01. How-
ever, these are rare occurences, which will only apply in the near vicinity of sources
(immediate neighbours). We also studied a few cases for different escape fractions
up to 50%, and found that a higher escape fraction of ionizing photons enhances the
emissivity of Lyman alpha photons. We also computed the emission in the helium
Lyman alpha line and found that it is considerably weaker than HI Ly α, due to the
low abundance of ionized helium in the halo. This may, however, be different in the
presence of an AGN or HII regions from massive stars. Further discussion on helium
lines can be found in Yang et al. (2006) and Haiman et al. (2000b).

In our case, ionization predominantly occurs at low densities. Therefore, the con-
tribution of the Lyman alpha recombination emission is a few orders of magnitude
lower than the collisionally excited line emission. At radii 1020.5 cm, emission di-
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minishes as Lyman alpha line trapping becomes effective in the center. In the case
of radiation sources at high densities, recombination emission could be more im-
portant. We have further assumed that the background UV flux is constant in time,
although we do not expect significant differences if a more detailed model of the
time evolution of the UV flux is adopted. Dijkstra et al. (2004) found that the impact
of a radiation background is less at high redshift (z > 10) as compared to z = 3 due
to different properties of the halo.

In light of these results, it will be important to obtain a better understanding of
the environmental conditions, in particular the strength of the UV background ra-
diation field, for ∼ 1010 M¯ halos close to the reionization epoch. We are further
planning to assess additional uncertainties, in particular those related to the metal-
licity of the gas.

Figure 4.10: Both panels of this figure show the surface brightness profiles for various
strengths of background UV radiation fields as mentioned in the legends. The value of the
escape fraction is 1% for the left panel. For the right panel, the value of the escape fraction
against each radiation field is shown in the legend.

We have assumed here that the halo is metal free for the reasons mentioned in
section 3. Indeed pristine halos may exist down to redshift 6 (Trenti et al. 2009). The
presence of small amounts of dust may absorb the Lyman alpha photons and re-emit
them as continuum at lower frequencies. This can change the scenario. Neverthe-
less, if the medium is inhomogeneous, escape of Lyman α becomes possible again
(Haiman & Spaans 1999; Neufeld 1991), also see Gould & Weinberg (1996); Hansen
& Oh (2006); Shimizu et al. (2011). H2 formation is significantly enhanced even for
low dust abundances of 10−5 − 10−4 solar (Cazaux & Spaans 2009). The impact of
dust on Lyman alpha emission is an important issue and needs a dedicated study. In
an upcoming paper we will explore the influence of dust on the emission of Lyman
alpha in detail. The ubiquity of outflows may even enhance the emission of Lyman
alpha photons up to 5%, by directly injecting them along the line of sight (Dijkstra &
Wyithe 2010) while the presence of turbulence may amplify magnetic fields in these
protogalaxies, which may affect subsequent star formation (Schleicher et al. 2010a). .

We adopted a background UV flux with a T∗ = 104 K thermal spectrum, typical
for radiation dominated by Pop II stars when z < 6. The H2 abundance is mainly
controlled by H− photodissociation for a soft UV spectrum in our simulations. For
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higher radiation temperatures, it will be governed by H2 photodissociation. This
may have a strong impact on the critical J21 values of H2 and HD. If Pop III stars with
T∗ = 105 K dominate the UV background, then the critical value of J21 required for
the photo-dissociation of H2 increases by two orders of magnitude as computed by
previous studies (Bromm & Loeb 2003; Wise & Abel 2007b; Shang et al. 2010). On the
other hand, for a T∗ = 105 K blackbody spectrum, an almost 100 times smaller value
for the ionizing UV background suffices to photo-ionize the gas. So, our estimates
may vary for a harder spectrum (i.e., 105 K) but we do not expect a big change in the
overall conclusions.

Our results include local radiative transfer effects but nonetheless are compara-
ble to complete radiative transfer studies (Dijkstra et al. 2006a,b; Thomas & Zaroubi
2008; Wise & Abel 2008b; Verhamme et al. 2008; Maselli et al. 2009; Hocuk & Spaans
2010; Faucher-Giguère et al. 2010; Zheng et al. 2010, 2011). Lyman alpha radiative
transfer strongly depends on the density and velocity profile of a halo due to the res-
onance nature of the Lyman alpha line and its large scattering cross section. There-
fore, we expect some variation in the emergent Lyman alpha flux due to the presence
of anisotropies in HI columns along different lines of sight.

We have also ignored the impact of X-rays on the emission of Lyman alpha pho-
tons. The presence of X-rays will heat the gas and increase the emissivity of Lyman
alpha. Lyman alpha blobs powered by X-ray sources have already been detected
(roughly 17% of the observed sources, Geach et al. 2009). Due to complex chemistry
involved in the modeling, X-ray sources demand complete radiative transfer simu-
lations to probe their impact on Lyman alpha emission. We intend to pursue this in
the future.

4.6 Acknowledgments
The FLASH code was in part developed by the DOE-supported Alliance Center for
Astrophysical Thermonuclear Flashes (ACS) at the University of Chicago. We thank
Robi Banerjee, Christoph Federrath and Seyit Hocuk for discussions on the FLASH
code. DRGS acknowledges funding via the European Community Seventh Frame-
work Programme (FP7/2007-2013) under grant agreement No. 229517. Our simula-
tions were carried out on the Gemini machines at the Kapteyn Astronomical Insti-
tute, University of Groningen. We thank the anonymous referee for a careful reading
of the manuscript and valuable feedback.

4.7 appendix
4.7.1 Chemical Model

We self-consistently solve the chemical rate equations for our cosmological simula-
tions in an expanding universe. Rate equations are solved for the following species:
H, H+, He, He+, He++, e−, H−, H2, H+

2 , D, D+, HD under non-equilibrium ion-
ization/equilibrium conditions. We also treat electronic states of hydrogen, up to 5
levels, as separate species. The rate equations are

dni

dt
= −Dini + Ci, (4.8)
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where ni is the number density of the ith specie, and Di and Ci are destruction and
creation coefficients for the ith specie. Equation 4.8 is solved using the backward
differencing scheme (BDF). The solution for equation 4.8 is

ni =
Cnewdt + nold

i
1 + Dnewdt

. (4.9)

Values for Cnew
i and Dnew

i are approximated using species densities from the previ-
ous time step and those from the new time step. During each hydrodynamical time
step, the chemical time step is computed as

dtc = min(HI/(dHI/dt), H+/(dH+/dt))/10. (4.10)

For a given chemical time step, species are evolved until the chemical time step be-
comes equal to the hydrodynamical time step. We take the initial abundances of
species from Schleicher et al. (2008b). These are consistent with nucleosynthesis and
observational constraints.

Strong radiation fluxes can photo-ionize the gas, and for a primordial compo-
sition specifically hydrogen and helium. Photo-ionization rates are calculated by
solving the following equation (Anninos et al. 1997):

∂ρ

∂t
/ρk =

∫ ∞

νth

4πσk
ν

I(ν)
hν

dν (4.11)

where k denotes H, He, He+, I(ν) is the intensity of the radiation field, νth is the
threshold energy for each rate for which ionization takes place and σk

ν is the fre-
quency dependent photo-ionization rate. In order to compute the photo-heating
produced due to ionization of the gas the following equation is solved:

Γ =
∫ ∞

νth

4πσk
ν

I(ν)
hν

(hν− hνth)dν. (4.12)

Details about H2 and HD chemistry are given in the section below.

4.7.2 H2 and HD chemistry

Neutral hydrogen can capture free electrons, which leads to H2 through the H−
route. Another channel for H2 formation is the collision of H atoms with H+

2 . Simi-
larly, HD can be formed through collisions of H2 molecules with deuterium species.
We have included collisional and radiative formation and destruction of H2 and HD
in our network. The relevant rates are listed in table 4.2. We have also incorporated
the photodissociation rates of H−, H2 and H+

2 by the background radiation field.
Rate equations for H2 and HD species are solved under non-equilibrium conditions,
while for the ions H− and H+

2 chemical equilibrium is established rapidly. The re-
actions involving these species occur on short time scale. The photodissociation and
photo-ionization rates of these species are calculated by solving equation 4.11, where
k denotes H, H−, H+

2 and H2, νth is the threshold energy for photo-dissociation and
σk

ν is the frequency dependant photodissociation rate. We also include heating due
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to photodissociation (for both the Solomon process and direct dissociation) of H2 by
absorption of back ground radiation in the Lyman-Werner band. Similarly, we com-
pute the photo-dissociation of HD molecules in the presence of a UV field. We take
into account the self-shielding of H2 in the Lyman-Werner band when computing
the H2 photodissociation rate. We use the expression given in equation 4.13 (Shang
et al. 2010). We also include the photodissociation of HD, which is approximately
10% higher than the H2 photodissociation rate for the Solomon process. For direct
dissociation they are roughly the same. To compute the H2 column density we use
the expression from Shang et al. (2010) as given in equation 4.14:

fsh = min[1, (
NH2

1014 cm−2 )−3/4], (4.13)

NH2 = fH2 ntotλJ , (4.14)

where NH2 is the H2 column density, ntot is the total particle density and ˘J is the
Jeans length. fsh is the self-shielding factor to correct the impinging UV flux (Draine
& Bertoldi 1996). This allows us to compute NH2 and fsh from local quantities only.
For molecular hydrogen cooling we have used the cooling function of Galli & Palla
(1998). We also include heating/cooling rates due to formation and destruction of
H2 from Glover & Jappsen (2007). We also include HD photodissociation by a back-
ground UV flux in our chemical model. The HD photodissociation rate is adopted
from Glover & Jappsen (2007). For HD cooling we have used a fit to the cooling
function of Lipovka et al. (2005).

4.7.3 Lyα Trapping

We have modeled the hydrogen atom as a multi-level system with five levels. Our
level population model is based on Schleicher et al. (2010b). For the first excited
state we distinguish the levels 2s and 2p. Transitions from 2p-1s produce Lyman
alpha photons, while transitions from 2s-1s produces the 2-photon continuum. We
calculate transition rates from level i to level j using the equation:

Rij = Aijβesc,ij(1 + Qij) + Ciji > j, (4.15)

Rji =
gj

gi
Ajiβesc,jiQji + Cij, i < j, (4.16)

where Aij are the radiative decay rates, βesc,ij the escape probabilities of for transi-
tion ij and Cij the collisional excitation and de-excitation rates, adopted from Omukai
(2001), gi the statistical weight of the ith level and Qji = c2 Jcont,ij/(2hν3

ij), where νij is
the frequency of the transition and Jcont,ij is the average intensity of the background
radiation field. We take the background radiation field to be a black body tempera-
ture 104 K (Glover & Savin 2009). The escape probability for the Lyα photons is given
by

βesc,ij =
1− exp(−τij)

τij
exp(

−βtph

tcoll
), (4.17)
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where τij is the optical depth at line center of transition ij, tph is the photon dif-
fusion time, tcoll is the collapse time of the gas, and β is a geometrical factor with
β=3 for spherical collapse. Note that tph ¿ tcoll for most transitions. For the Ly-
man alpha line and other direct transitions to the ground states expressions for op-
tical depth and diffusion time are taken from Spaans & Silk (2006). For Lyman α,
tph = L(aτ21)1/3/c, where a is natural-to-thermal line width and the optical depth
τ21 = 1.04× 10−13NHT−0.5

4 . The cooling function for hydrogen lines is computed
from the escape probabilities, level populations and strength of the background ra-
diation field. Further details of all these processes can be found in Omukai (2001)
and Schleicher et al. (2010b); Rees & Ostriker (1977); Spaans & Silk (2006); Latif et al.
(2011b); Schleicher et al. (2010b).
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Table 4.2: Collisional and radiative rates
No. Reaction Rate coefficient cm3s−1/Cross-section σ(cm2) Reference
1 H + e−→ H+ + 2e− see reference AAZN97
2 H+ + e−→ H + γ see reference AAZN97
3 He + e−→ He+ + 2e− see reference AAZN97
4 He+ + e−→ He + γ 3.92× 10−13/T0.6353

e for Te < 8000 AAZN97
1.54× 10−9T−1.5exp(−44.569 eV

Te
)[0.3 + exp( 8.10 eV

Te
)] for Te > 8000 AAZN97

5 He+ + e−→ He++ + 2e− see reference AAZN97
6 He++ + e−→ He+ + γ 3.36× 10−10T−0.5( T

1000 )−0.2(1 + ( T
106)0.7 )−1 AAZN97

7 H + e−→ H− + γ dex[−17.845 + 0.762(log T) + 0.1523(log T)2 − 0.03274(log T)3] for T ≤ 6000 GJ07
dex[−16.42 + 0.1998(log T)2 − 5.447× 10−3(log T)4 + 4.0415
×10−5(log T)6] for T > 6000 GJ07

8 H− + H→ H2 + e− 1.5× 10−9 for T ≤ 300 GJ07
4.0× 10−9T−0.17 for T ≤ 300 for T > 300 GJ07

9 H + H+→ H+
2 + γ dex[−19.38− 1.523(log T) + 1.118(log T)2 − 0.1269(log T)3] GJ07

10 H + H+
2 → H2 + H+ 6.4× 10−10 GJ07

11 H− + H+→ H + H 5.4× 10−6T−0.5 + 6.3× 10−8 − 9.2× 10−11T0.5 + 4.4× 10−13T GJ07
12 H+

2 + e−→ H + H 1.0× 10−8 for T ≤ 617 GJ07
1.32× 10−6T−0.76 for T > 617 GJ07

13 H2 + H+→ H+
2 + H see reference GJ07

14 H2 + e−→ H + H + e− 3.73× 10−9T0.1121exp(−99430
T ) GJ07

15 H2 + H→ H + H + H 6.67× 10−12T0.5exp(−1 + 63590
T ) GJ07

16 H2 + H2→ H2 + H + H 5.996×10−30T4.1881

(1.0+6.761×10−6T)5.6881 exp(−1 + 63590
T ) GJ07

17 D + e−→ D+ + e− + e− see reference GJ07
18 D+ + e−→ D + γ 2.753× 10−14( 315614

T )1.5((1.0 + 115188
T )0.407)−2.242 GJ07

19 H− + e−→ H + e− + e− see reference GJ07
20 H− + H→ H + H + e− see reference GJ07
21 H− + H→ H2 + e− 6.9× 10−9T−0.35 for T ≤ 8000 GJ07

9.6× 10−7T−0.90 for T > 8000 GJ07
22 H + D+→ D + H+ 2.06× 10−10T0.396exp(−33

T ) + 2.03× 10−9T−0.332 GJ07
23 D + H+→ H + D+ 2.0× 10−10T0.402exp(−37.1

T )− 3.31× 10−17T1.448 for T ≤ 2.0× 105 GJ07
3.44× 10−10T0.35 for T > 2.0× 105 GJ07

24 H2 + D+→ HD + H+ [0.417 + 0.864 log T − 0.137(log T)2]× 10−9 GJ07
25 HD + H+→ H2 + D+ 1.1× 10−9exp(−488

T ) GJ07
26 H2 + D→ HD + H 1.69× 10−10exp(−4680

T ) for T ≤ 200 GJ07
1.69× 10−10exp(−4680

T + 198800
T2 ) for T > 200 GJ07

27 HD + H→ D + H2 5.25× 10−11exp(−4430
T ) for T ≤ 200 GJ07

5.25× 10−11exp(−4430
T + 173900

T2 ) for T > 200 GJ07

28 H− + γ → H + e− σ23 = 7.928× 105(ν− νth)
3
2 ( 1

ν )
1
3 cm2 for hν > hνth = 0.775 eV AAZN97

29 H2 + γ → H+
2 + e− σ24 = 0 for hν < 15.42 eV AAZN97

σ24 = 6.2× 10−18hν− 9.4× 10−17cm2 for 15.42 ≤ hν < 16.50 eV AAZN97
σ24 = 1.4× 10−18hν− 1.48× 10−17cm2 for 16.50 ≤ hν < 17.7 eV AAZN97
σ24 = 0 for hν ≥ 17.7 eVcm2 for hν ≥ 17.7 eV AAZN97

30 H+
2 + γ → H + H+ σ25 = dex[−40.97 + 15.9795( E

Tth
)− 3.53934( E

Tth
)2 + 0.2581155( E

Tth
)3]

for Eth = 2.65 eV2.65 < E < 11.27 eV GJ07
dex[−30.26 + 7.3935( E

Tth
)− 1.2914( E

Tth
)2 + 6.5785× 10−2( E

Tth
)3]

for 11.27 < E < 21.0 eV GJ07
31 H+

2 + γ → 2×H + e− AAZN97
log(σ26) = −16.926− 4.528× 102hν + 2.238× 10−4(hν)2 + 4.245× 10−7(hν)3

for 30 eV < hν < 90 eV AAZN97
32 H2 + γ → H2* → H + H 1.12× 108 J(ν) where J the is flux at E=12.87 eV AAZN97
33 H2 + γ → H + H σ28 = 1

y+1 (σL0
28 + σW0

28 )1.0− 1
y+1 (σL1

28 + σW1
28 ) for sigma values see reference AAZN97

34 H + γ → H+ + e− σ20 = A0
Z2 ( ν

νth
)4 exp[4.0−4.0(arctanε)/ε]

1−exp(−2π/ε) AAZN97

35 He+ + γ → He++ + e− σ22 = A0
Z2 ( ν

νth
)4 exp[4.0−4.0(arctanε)/ε]

1−exp(−2π/ε) AAZN97
36 He + γ → He+ + e− σ21 = 7.42× 10−18(1.66( ν

νth
)−2.05 − 0.66( ν

νth
)−3.05 AAZN97

37 HD + γ → H + D see reference GJ07

In the table above, T denotes the gas temperature in Kelvin, Te the gas temperature
in eV, Tr the temperature of radiation in K. dex(x) = 10x. Acronyms: AAZN97:
Abel, Anninos, Zhang, Norman (1997); GJ07: Glover and Jappsen (2007).
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Table 4.3: Heating/cooling rates
Process Rate Reference

Heating/Cooling
Collisional excitation cooling 7.5× 10−19(1 +

√
T5)−1exp(−11838/T)nenH AZAN96

9.1× 10−27(1 +
√

T5)−1T−0.1687exp(−11838/T)n2
e nHe

5.54× 10−17(1 +
√

T5)−1T−0.397exp(−473638/T)nen+
He

Collisional ionization cooling 2.18× 10−11k1nenH AZAN96
2.18× 10−11k1nenH
3.94× 10−11k3nenHe
8.72× 10−11k5nen+

He
5.01× 10−27(1 +

√
T5)−1T−0.1687exp(−55338/T)n2

e n+
He

Recombination cooling 8.7× 10−27T1/2T−0.2
3 (1 + T0.7

6 )−1nen+
H AZAN96

1.55× 10−26T0.3647nen+
He

1.24× 10−13T−1.5[1.0 + 0.3exp(−94000/T)]exp(−47000/T)nen+
He

3.48× 10−26T1/2T−0.2
3 (1.0 + T0.7

6 )−1nen++
He

Bremsstrahlung cooling 1.43× 10−27
√

T[1.1 + 0.34exp(−(5.5− log(T))2/3)]ne(n+
H + n+

He + n++
He ) AZAN96

Compton cooling 5.65× 10−36(1 + z)4[T − 2.75(1 + z)]ne AZAN96
Molecular hydrogen cooling see reference GP98
HD cooling see reference LNA05
H2 Photodissociation heating AAZ97
Solomon process Γ = 6.4× 10−13H2k27
Direct heating Γ = H2

∫ ∞
νth

4πσ28(ν) i(ν)
hν (hν− hνth)dν

Gas-phase H2 formation heating Γ = 2.93× 10−12k2n−H + 5.65× 10−12k4nH+
2

nH( n
(n +ncr)

) GJ07
H2 Collisional dissociation cooling Λ = 7.2× 10−12(k9nH + k10nH2)nH2 GJ07
Cooling from electronic states of hydrogen see reference SSG10

In the table above, T denotes the gas temperature in Kelvin, Tn the gas temperature
in 10n, Tr the temperature of radiation in K. dex(x) = 10x. Acronyms: AAZN97:
Abel, Anninos, Zhang, Norman (1997); GJ07: Glover and Jappsen (2007); GP98:
Galli and Palla (1998); AZAN96: Anninos, Zhang, Abel, Norman (1996); LNA05:
Lipovka, A. et al. (2005); SSG10: Schleicher, Spaans, Glover (2010).
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