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ABSTRACT

Much of the baryonic matter in the universe is in the form of H,, which includes most of the gas in Galactic and
extragalactic interstellar clouds. Molecular hydrogen plays a significant role in establishing the thermal balance in
many astrophysical environments and can be important as a spectral diagnostic of the gas. Modeling and inter-
pretation of observations of such environments requires a quantitatively complete and accurate treatment of H,.
Using this microphysical model of H,, we present illustrative calculations of prototypical astrophysical environ-
ments. This work forms the foundation for future investigations of these and other environments in which H; is an

important constituent.

Subject headings: ISM: molecules — molecular processes

1. INTRODUCTION

Most of the hydrogen in the interstellar medium (ISM) is in
the form of H, (Field et al. 1966; Shull & Beckwith 1982; Black
& van Dishoeck 1987; Draine & Bertoldi 1996). However, H; is
not an efficient emitter because of the lack of a permanent elec-
tric dipole moment and its small moment of inertia, resulting in
large energy level spacings. H, helps to define the chemical state
of'the gas, it plays a major role in exciting important gas coolants,
and it comprises the majority of the mass. Therefore, complete
numerical simulations of a nonequilibrium gas must include a
detailed treatment of the physics of H,.

This paper describes the implementation of an extensive model
of the H, molecule into the spectral simulation code Cloudy.
The code was last described by Ferland et al. (1998). Cloudy
determines the ionization and excitation state of all constituents
self-consistently by balancing all ionization and excitation pro-
cesses, the electron density from the ionization structure, and the
gas kinetic temperature from the balance between heating and
cooling processes (e.g., Osterbrock & Ferland 2005). This ap-
proach, as discussed in detail by Ferland (2003), has energy conser-
vation as its foundation. The goal of the current implementation
is to have all interactions of H, with its environment, both col-
lisional and radiative, determined self-consistently with a limited
number of free parameters. Only the gas composition, density, col-
umn density, dynamical state, and incident radiation field must be
specified to uniquely determine the physical conditions and emitted
spectrum.

2. PHYSICAL MODEL OF THE H, MOLECULE
2.1. Spectroscopic Notation and Enerqy Levels

Figures 1, 2, and 3 show the energy levels included in our
model. The figures show, respectively, all energy levels, the levels
within the ground electronic state, and the lower levels within
this state. There are 1893 levels in the model that together pro-
duce a total of 524,387 lines.
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Energies for the 301 rovibrational levels within the 1s '3,
(denoted as X) ground electronic state* were adopted from the
experimental compilation of Dabrowski (1984). Errors in the en-
ergies of eight of the levels have been corrected, and energies of
17 missing levels have also been included (E. Roueff 2004, pri-
vate communication).

We also include the rovibrational levels within the lowest six
electronic excited states that are coupled to the ground electronic
state by permitted electronic transitions. The transition energies
of Abgrall et al. (2000) were used to obtain the upper electronic
state rovibrational energies. These configurations and shorthand
notation are 2p ' (B), 2p ', (C*and C7), 3p 'S (B’), and
3p I, (D" and D™). These electronic excited states are relevant
because they participate in the Solomon process, the dominant
H, destruction mechanism when radiation is present in the wave-
length region between the Lyman continuum and Ly«. Roughly
10% of the excitations following continuum radiation through
the electronic lines are followed by decays into the X continuum
(Abgrall et al. 1992). The majority of these photoexcitations are
an indirect source for populating highly excited X rovibrational
levels, which decay to lower levels, producing infrared emission
lines. Finally, the UV absorption lines produced by these transi-
tions are an important probe of the temperature and density along
the line of sight through molecular gas.

The set of rovibrational levels within excited electronic states,
however, is not complete, since it only includes levels that are
coupled to X through dipole-allowed transitions. These excited
rovibrational levels within the excited electronic states contain
little of the H, population. They are important only as an in-
termediate step in photoexcitation of H, into excited states or
the continuum of X. Dissociation energies from excited elec-
tronic states into the H(1s) + H(n/) systems are taken from Sharp
(1971).

The H, molecule has ortho and para states defined by the
alignment of the two nuclear spins. Within the X ground elec-
tronic state, ortho (triplet nuclear spin) states have odd rotational
quantum number J, while para (singlet nuclear spin) have even
J. The same rule applies for the C™ and D™ electronic states,
while for the remainder of the electronic excited states the logic

4 The other 1s electron is suppressed here and throughout for convenience.
Doubly excited states are not considered.
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Fic. 1.—Full set of energy levels for all electronic states included in our cal-
culation. The configuration (with the other ls electron suppressed for conve-
nience) is given above each group of levels, and the shorthand notation for the
level is below.

is reversed; ortho is even and para is odd. Note that there are no
rotational J = 0 states in the C and D electronic states, because
A =1,and J > A, where A is the projection of the total elec-
tronic orbital angular momentum onto the internuclear axis.

Line wavelengths are derived by differencing these level en-
ergies and correcting for the index of refraction of air for 4 >
2000 A. Comparison of these theoretical wavelengths with the
observed wavelengths given in Timmermann et al. (1996) and
Rosenthal et al. (2000) show that our wavelengths derived from
electronic transition energies agree with the observed values to
typically within §4/4 ~2 x 1073,

Spectroscopic notations, such as “2-1 S(1),” are commonly
used to identify the transitions. The first numbers indicate the
change in vibrational levels. The capital letter indicates the branch,
which specifies the change in J, as shown in Table 1. The number
in parentheses is the lower J level of the transition. Radiative
decays between ortho and para are not possible because of the
different nuclear spin. Within the ground electronic state, lines
have the selection rule AJ = 0, & 2. For electronic transitions
between X and II, the selection rule is AJ = 0, & 1, whereas the
corresponding rule for ¥ to ¥ is AJ = £ 1. For C* the selection
rule is AJ = +£1, whereas the corresponding rule for C~ is
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Fic. 2.—Energy levels within the ground electronic state. The excitation
energies are given in cm ™~ relative to the lowest level (v = 0,.J = 0). The equiv-
alent temperature is given on the right-hand axis.
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Fic. 3.—Lowest rotational levels within the first three vibration levels of the
ground electronic state. The energy scales are in both wavenumbers and kelvin.

AJ = 0. There is no such selection rule for vibrational quantum
numbers.

2.2. Bound-bound Transitions
2.2.1. Transitions within the Ground Electronic State

Quadrupole radiative transition probabilities for rovibrational
levels within the ground electronic state are taken from Wolniewicz
etal. (1998). This data set is complete; i.e., transition probabili-
ties are given for all allowed transitions between the 301 rovi-
brational levels.

Rate coefficient fits for collisional excitation processes within
the X state are given by Le Bourlot et al. (1999)° and adopted
here. These include rovibrational excitation of H, by collisions
with H®, He, and H,, but only for nonreactive transitions, i.e.,
those that do not involve changes in nuclear spin.

The Le Bourlot et al. (1999) compilation, obtained with quan-
tum mechanical methods, should be appropriate to temperatures
as low as ~10 K. However, this compilation contains only rate
coefficients of ~500 transitions, roughly 4% of the 12,535 pos-
sible transitions within X. The data set presented by Martin &
Mandy (1995, 1998) includes far more transitions but were not
intended to be applied to the low temperatures needed for the
photodissociation region (PDR) models, since they were ob-
tained with classical trajectory methods. Figure 4 compares their
rate with the Le Bourlot et al. (1999) values for rate coefficients

> See also http://ccp7.dur.ac.uk /cooling _by _h2.
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Fic. 4—Comparison between the collision rate coefficients of Martin &
Mandy (1995, 1998; dashed line) and Le Bourlot et al. (1999; solid line) for
H° +Hy(v =0, J =5) — H® + Hy(v = 0, J = 3). They differ by large amounts
for PDR temperatures (7" < 400 K).

for collisions between H, and H° for a typical transition within
X. They diverge by large factors below ~400 K.

The biggest effect of the missing collision data would be to
introduce errors in the populations and the heating or cooling
effects of highly excited levels within X. It seems more correct to
use some physically motivated rate coefficients for the missing
levels rather than assume a rate coefficient of zero. We applied a
version of the “g-bar” approximation (van Regemorter 1962).
Figure 5 shows collision rates for all transitions within the Le
Bourlot et al. (1999) data set at a given temperature, plotted as a
function of the transition energy. We took the simplest possible
approach, fitting these rates with the following function of energy:

log(k) = yo + amax (o, 100)?, (1)
where o is the transition energy in wavenumbers and & is in cm?
s~!. The max function prevents unphysically large rate coeffi-
cients from occurring when the energy difference is very small.

This fit is also shown in Figure 5, and Table 2 gives the fitting co-
efficients. These fits were within 1 dex of the majority (typically

1
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Fig. 5.—Collision rates as a function of transition energy for the lowest 52
transitions within the H-H, collision data of Le Bourlot et al. (1999). The
solid line shows a best fit to the main envelope of points. More than 50% of
the rate coefficients lie with 1 dex of the line.
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TABLE 2
g-BAR FITTING COEFFICIENTS
Collider Yo a b
—9.9265 —0.1048 0.456
—8.281 —0.1303 0.4931
H; (ortho).....cceveeueee —10.0357 —0.0243 0.67
H, (para) .....cccceveeeenee. —8.6213 —0.1004 0.5291
HE e -9.2719 —0.0001 1.0391

60%—70%) of the rates. Tests presented below show the impact
of these very approximate rates on the predicted spectrum.

We note that collisions of electronically excited states are ne-
glected because of the negligible population in these levels, as noted
in § 2.1. This is appropriate for densities well below 10'> cm .

2.2.2. Ortho—para Conversion

The ortho and para H, states can be mixed by exchange col-
lisions with H’, H', and Hy . H® and H" are the dominant forms
of H at shallow depths into a PDR, while deep within the PDR,
all three species have only trace abundances. Rate coefficients
for H%-H, exchange collisions are from Sun & Dalgarno (1994;
for v =0 and J = 0-1, 0-3, and 1-2 collisions). The rate co-
efficients for all other H’-H, exchange collisions are taken to be
zero. The approximations to the rates given in this paper diverge
for temperatures below 100 K. Below this temperature a rate of
zero is assumed.

Rate coefficients for H*-H, exchange collisions were taken
from Gerlich (1990). The Gerlich data include both upward and
downward transitions, but they do not satisfy detailed balance.
We adopted the rate coefficients for the downward transitions
and obtain the upward from detailed balance. These are by far the
fastest collisional rate coefficients, being ~10'? times larger than
the H° rate coefficient at 100 K. This is by far the dominant pro-
cess for ortho-para conversion. However, Gerlich (1990) only
computed rate coefficients for v = 0 and J < 10. We therefore
adopted the same procedure as discussed above to obtain the g-bar
approximation. The Gerlich rate coefficients were fitted as a func-
tion of transition energy and used to estimate rate coefficients for
all other transitions. Tests show that the estimated rate coefficients
have a small effect on the final level populations and the ortho-
para ratio. Le Bourlot (1991) notes that H ortho-para conversion
collision rates are roughly equal to the H" rates. We have used the
H" rates to include collisions with Hy . H; generally has a small
abundance and so does not strongly affect the results.

Figure 6 shows the effect of the g-bar approximation onv = 0
level populations at 500 K. The lower rotational level popu-
lations where collisional data exist have very little dependence
on the approximation. In addition, ortho H, can be converted
into para on grain surfaces (Le Bourlot 2000). This is described
in the section on grain physics below.

2.3. Coupling to the Continuum
2.3.1. Electronic Transitions and Dissociation

Transition probabilities between excited electronic states and
X were taken from Abgrall et al. (2000). Excited electronic states
can decay back into the bound levels within X or dissociate into
the continuum of the ground state. Dissociation probabilities and
the associated kinetic energy of the unbound particles were also
taken from Abgrall et al. (2000).

Allison & Dalgarno (1969) give photodissociation cross sec-
tions for transitions from X into the continuum of the excited
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Fig. 6.—Level populations for v = 0 and 7' = 500 K with and without the
g-bar collisional data. The rotation quantum number J is indicated along the
x-axis, while the y-axis gives the populations per H,. The open circles show
calculations with the g-bar approximation, and the black circles show those
without. The high-J levels are effectively uncoupled radiatively from the other
levels within the X state because most of the H, population is in low-J levels.
Further pumping into the excited electronic states results mostly in decays back
into other low-J levels. The populations of low-J levels, where collision data
exist, have very little dependence on the g-bar approximation.

electronic states. These data are for the energy range near the
threshold and do not resolve the molecule into rotation levels.
The threshold for this process lies in the Lyman continuum of
hydrogen for lower v, J levels, and this continuum will be strongly
absorbed by atomic hydrogen in a PDR. The threshold does lie
within the Balmer continuum for higher v, J levels, however.
This process cannot be treated with great precision because
of the lack of J-resolved cross sections. We approximated the
Allison & Dalgarno (1969) data as a single cross section, 2.5 x
107! ¢cm?, and evaluated the threshold energy for each level.

2.3.2. Collisional Dissociation from Very High J

For temperatures within a PDR 7 ~ 500 K, collisional dis-
sociation can only occur from the very highest levels within X.
Lepp & Shull (1983) give a general expression for collisions be-
tween H and H, that are valid for any J but are intended for much
higher shock temperatures. Hassouni et al. (2001) give rate co-
efficients for all v but only J = 0 for both H, + H, and H, + H°.
For other impactors Martin & Mandy (1995, 1998) give colli-
sional dissociation rate coefficients, but at higher temperatures.

We have taken a broad mean of the above references to obtain
the rough expression, used for collisional dissociation of H, by
impact with all colliders:

r(Hy —2H®) = 107" exp[—xaiss(v, J)/KT],  (2)

where X iss(y, /) 18 the dissociation energy and 7 is in units of cm’
s~ 1. Tests show that this process has little effect on the predicted
column densities and on the overall spectrum.

Electron collisions must be included as well. We know of no
J-resolved calculations of the electron collisional dissociation
rates or cross sections. Celiberto et al. (2001) give cross sections
for excitation from X into B or C, followed by dissociation. This
process is only fast at temperatures much higher (~50,000 K) than
we expect in a PDR (~500 K). We do not include this process.
Stibbe & Tennyson (1999) give rates for dissociation by electron ex-
citation from X to the triplet state b. This is energetically far more
favorable and can occur at 500 K. Unfortunately no J-resolved
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calculations exist, and dissociation from the very highest J states
should be the fastest.

The Stibbe & Tennyson (1999) data suggest an electron rate,
in the small ygiss(v, J)/kT limit, that is similar to the hydrogen
rate given above. We assume this rate in including electrons.

2.4. Grain Processes

Our grain model can treat arbitrary grain types and size dis-
tributions. The built-in Mie code can resolve the grain size distri-
bution into as many size bins as desired. The model can resolve
the grain charge in multiple discrete charge states and can also
treat the stochastic heating effect. Our treatment incorporates
the formalism described by Weingartner & Draine (2001). Van Hoof
et al. (2004) provide further details and show that our represen-
tation reproduces the Weingartner & Draine (2001) results in sev-
eral test cases. In this approach the temperature and charge for
each grain type and size are determined by balancing heating—
cooling and ionization—recombination processes. Grain surface
recombinations of electrons and ions are included in the grain
charge as well as the ionization balance of the gas and the electron
density. This gives a better representation of the interactions be-
tween the gas and grains, since the rates are temperature-dependent,
and the grain temperature is set by the environment. This unified
treatment is applied to polycyclic aromatic hydrocarbons (PAHs),
as well as larger grains.

2.4.1. Hy Formation on Grains

H, is predominantly formed on grains in the ISM, although
formation through the H™ route is not negligible. We use the
rate given by Cazaux & Tielens (2002, eq. [18]):

Py = ZO.Sn(HO) [ngoq/n(H)|une(H)Su(T) s™'. (3)

ny

Here the sum is over all grain types and sizes and the factor
of 0.5 accounts for the fact that two hydrogen atoms become a
single H, molecule (see eq. [3a] of Biham et al. 1998). The total
hydrogen density n(H) is given by n(H) = n(H®) + n(H") +
> other "(HX), where HX represents all other H-bearing mole-
cules, and is basically used as a surrogate for the total grain den-
sity within the term in the square brackets. This entire term is the
projected grain area per unit hydrogen nuclei. The atomic den-
sity n(H®) multiplies this term rather than n(H), so that the rate
becomes small in the limit in which the gas is fully molecular
and little HO is present (see eq. [1] of Hirashita et al. 2003). The
remaining variables are uy, the average speed of a hydrogen
atom, ¢(H,), the H — H, conversion efficiency, and Sy(7'), the
H atom sticking probability. We take the dimensionless sticking
probability from Hollenbach & McKee (1979),

Su(T

)= -4
1+04(T2+ Tp) ~ +0.2T, + 0.0873

where T, is the gas kinetic temperature in units of 100 K and 7y,
is the grain temperature in these units. We assume the H, con-
version efficiency given by Cazaux & Tielens (2002, eq. [16]),
assuming 10~'° monolayers s~!. Tests show that this results in
an H, formation rate within 10% of the Jura (1974) rate for grain
temperatures near 100 K.

Newly created H, populates various rovibrational levels
within the ground electronic state. Population distribution func-
tions have been considered by Black & van Dishoeck (1987),
Le Bourlot et al. (1995), Draine & Bertoldi (1996), and more
recently by Takahashi (2001) and Takahashi & Uehara (2001).
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We follow the last two references. The other two distributions
are also included in the code as additional options to allow tests
for their impact on results. We use the Takahashi & Uehara (2001)
vibrational distribution, and take the average of the two forms
of the rotational distribution, equations (6) and (7) in Takahashi
(2001). We assume that no population occurs when the £, func-
tion of Takahashi & Uehara (2001), their equation (3), becomes
negative, as happens for large v. This distribution function depends
on the grain composition. For reference, the carbonaceous, sili-
cate, and ice compositions tend to deposit newly created H, in
the v = 2, 6, and 7 levels, respectively. We also used their prod-
uct energy distribution of newly formed H, on various dust
grains as given in Takahashi & Uehara (2001).

2.4.2. Ortho—para Conversion on Grain Surfaces

Conversion from ortho to para H, can occur on grain surfaces
at low temperatures. We follow Le Bourlot (2000) in treating
this process. The rate is given by

n(H. n,0,
= Y B ) (T, TS (T) 57 (5)
We assume that the sticking probability Sy, for molecular hydro-
gen is equal to that for atomic hydrogen and use the Hollenbach
& McKee (1979) probability. In implementing this we took a bind-
ing energy of T, = 800 K. A temperature 7. is defined from 7q.
This critical temperature is of the order of 20 K for these materials.

The ortho to para conversion efficiency is then given by
Ne(Tad, Tq). We use the form given in Le Bourlot (2000). In this
process Hj in any v, J, level strikes the grain and is de-excited
during its time on the surface. When Tyrain > Tiri the Hj is de-
excited to either J = 0 or 1, preserving the initial nuclear spin,
before leaving the grain surface. When Typin < Tori¢ all Hy go to
J = 0. Since T is so low, the ortho-para conversion will only
be efficient in deep, well shielded parts of a PDR.

2.5. The Chemistry Network

The chemistry network in the code has been described by
Ferland et al. (1994; 2002a). We have reviewed and updated all
aspects of the chemistry to the data sets given by Abel et al.
(1997), Galli & Palla (1998), Hollenbach et al. (1991), Maloney
et al. (1996), Le Teuff et al. (2000), and Stancil et al. (1998).
Only details that affect the abundance and level populations of
H, are described here.

The chemistry network includes ~1000 reactions including
66 species involving hydrogen, helium, carbon, nitrogen, oxy-
gen, silicon, and sulphur. Tests made during the Leiden PDR
workshop® show good agreement between our calculations and
other PDR models. Time-dependent advective terms are included
when dynamical models are considered (Ferland et al. 2002b),
and H, may not be in a time-steady state in some PDRs (Bertoldi
& Draine 1996). The simulations presented here are all stationary
and represent gas that has had time to reach statistical equilibrium.

The microphysical model of H,, described in §§ 2.1-2.4, is
not explicitly part of this network. Rather, total formation and
destruction rates are used to determine a total H, density. Follow-
ing Tielens & Hollenbach (1985, hereafter TH85), the molecule
is divided into ground state HZ and excited state, H3, and these
two are part of the H, and CO chemistry networks. The density
of Hj is the sum of all populations in states with an excitation
potential greater than 2.6 eV, and H as the population in lower

6 See http://hera.phl.uni-koeln.de /~roellig.
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levels. This was chosen to follow the partitioning given by TH8S5,
which then allows us to use their chemical rate coefficients for
reactions that involve H;. The CO photodissociation rate is cal-
culated as in Hollenbach et al. (1991). The detail calculations
concerning our chemistry network will be in future publication.

The equilibrium deduced from the network is then used to set
the state-specific H, formation and destruction rates that affect
the population with X. In turn the microphysical model of the
hydrogen molecule defines state-specific destruction rates, which
are sums over the state-specific rates. Destruction rates predicted
by the microphysical H, model are used in the chemical reaction
network, and state-specific creation rates from the network are
then included as population mechanisms within the large mol-
ecule. The net effect is that each level has a population that is
determined by these creation and destruction processes, along
with internal excitations and de-excitations within the molecule.
The solutions obtained by the microphysical model of the hy-
drogen molecule (see § 2.7 for a discussion of how the level
populations are calculated) and the full chemistry network are
converged by multiple solution of both, so that the H, density
from the chemistry network and the sum of populations within
X agree to a specified amount.

2.5.1. Creation from H™

Although H, is mainly formed on grain surfaces in the ISM, it
can also form by the associative detachment reaction

H +H - Hy+e . (6)

Our detailed treatment of this process is described in Ferland
& Persson (1989). This is usually the fastest in moderately ion-
ized regions (Ferland et al. 1994). Abel et al. (1997) note that
H, is mostly formed in the para configuration (v = 0,J = 0 and
v =10, J = 2) by this process.

We use the state-specific distribution functions for H, for-
mation from H™ given by Launay et al. (1991), and populate the
newly formed H, molecule using these rates and the H™ density
determined by the molecular network. The population distri-
bution function tends to peak around v ~ 5—7 and mostly odd J,
typically between 3 and 7, although very large J can occur.

The Launay et al. distribution function does not, at face value,
agree with the Abel et al. (1997) distribution functions. Abel et al.
(1997) assume that after formation the molecule will reside only
in low-J levels (J = 0-2). According to Abel et al. (1997), the
rate coefficient for the process H + e~ — H™ + + is smaller than
the rate coefficient for the process Hy(J = 2) + HY — Hy(J =
1)+ H' +170.5 K (given by Flower and Watt 1984 and used
by Abel et al. 1997), so the molecule decays to lower levels more
quickly than it is formed. Thus, newly formed H, will eventually
be converted to the para state (v =0, J =0 and v =0, J = 2).
Abel et al. (1997) give the final state after the system has had time
to relax, which is different from the state-specific rates given by
Launay et al. 1991. (Ortho-para conversion is treated separately.)

The chemistry network uses an integrated rate for the for-
mation of H,. We summed over all of the state-specific rates in
Launay et al. (1991) and fitted the total rate with the following:

! 3l (7)

K(H™) =
) = 52507105+ 71,2397 ™

This expression is well behaved for all temperatures but was
fitted to the Launay et al. (1991) data over the temperature range
they give, 10-104 K.

Similarly, the process Hy + H® — H, + H' produces H, in
v = 4 states. This process can be important in deeper, molecular
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regions of a PDR. We use rates from Krstic (2002). These are
not J-resolved, so we place all in J = 0.

2.6. High-Enerqy Effects

Cosmic rays can be included in a calculation as described by
Ferland & Mushotzky (1984) and Wolfire et al. (1995). X-rays have
very nearly the same effect. Although X-rays have little effect
upon a gas at shallow depths, since relatively few high-energy
photons are present, deep within a cloud the attenuated radia-
tion field can be dominated by hard photons. These interact pre-
dominantly with inner shells of the heavy elements producing
hard photoelectrons and inner shell vacancies that relax, produc-
ing high-energy Auger electrons. Our treatment of this physics is
described in Ferland et al. (1998). All of these processes create
electrons with a great deal of energy, and within neutral or molec-
ular regions these energetic electrons create secondary ionizations
and excitations while depositing only part of their initial energy
as heat.

The effects of nonthermal electrons in molecular gas are de-
scribed by Dalgarno et al. (1999) and in the papers on the chem-
istry of the ISM given above. In particular, Tiné et al. (1997)
give cosmic-ray excitation rates for v = 0—14 and J = 0-11
within X, which we adopt. We adopt their values at a fractional
ionization 1073 as being typical. Rates for electronic excitation
are from Dalgarno et al. (1999).

2.77. Determining Level Populations

The molecule is represented by the 1893 levels shown in
Figure 1. Level populations are determined by solving a sys-
tem of simultaneous linear equations. The level populations are
evaluated several dozens of times per radial step as the pressure,
temperature, and ionization are simultaneously determined. Con-
ventional matrix inversion methods have a speed that goes as a
power of the number of levels, and would result in prohibitive ex-
ecution times. In addition, many matrix inversion methods have
stability problems with very large matrices when the level popula-
tions range over several decades of orders of magnitude. Rather,
a linearized method was developed that takes into account the
physical properties of the molecule.

2.7.1. Excited Electronic Levels

Collisional excitation to electronic states is completely neg-
ligible because of the low temperature in a PDR. Excitation is
by photoexcitation in discrete lines, the Solomon process, which
can be followed by relaxation back into rovibrational levels of
the ground electronic state or by transitions into its continuum.
The electronic excited states have short lifetimes because of their
large transition probabilities. We neglect collisional processes
within excited electronic states since the critical densities, the
density where the collisional de-excitation and spontaneous ra-
diative decay rates are equal, is ~10'* cm ™3, far greater than the
densities encountered in a PDR.

The line photoexcitation rate is given by 4,;1,g, /g, (in units
of s™1), where 1, = J, /(2hv*/c?) is the photon occupation num-
ber of the attenuated incident continuum at the line frequency
(Ferland & Rees 1988) and self-absorption of a single line is
treated as in Ferland (1992). Line overlap is discussed below.
The excited level decays by allowed radiative transitions. The
population of an electronic excited state #, is then given by the
balance equation

, (3)

annu %Aul =Ny Ac + ZAul(ﬁ + 5)
[ ! I
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where A4, indicates the transition probability from the excited
state into the X continuum, 4,, is the transition probability be-
tween X and the excited states, 3 is the escape probability, and 6
is the destruction probability. We follow the treatment described
in Ferland & Rees (1988). The total rate for H, to decay into the
X continuum is then given by

1
Ye = }’Z(Hz) ;nuAca (9)

which is the total destruction rate due to the Solomon process,
in units of s~ .

2.7.2. Populations within Ground Electronic State

Highly excited states within X are mainly populated by indi-
rect processes. The most important include decays into X from
excited electronic states and formation in excited states by the
grain or H™ route. Direct collisional excitation is relatively in-
efficient, at least for higher J, as a result of the large excitation
energies and low gas kinetic temperatures.

We use a linearized numerical scheme that updates popu-
lations by “sweeping” through the levels within X, from highest
to lowest energies. Rates into and out of a level are computed
and an updated level population derived from these rates. At the
end of the sweep the updated and old populations are compared,
and revisions continue until the largest change in population is
below a threshold. The method achieves a solution in a time that
is proportional to an’, where 7 is the number of levels and @ ~ 5
is the number of iterations needed to determine the H, pop-
ulations. By comparison to standard linear algebra, solving the
system with lower-upper LU decomposition would require a
time &4 n%, or 10°~10* times slower.

This process converges quickly because of the complete lin-
earization that is inherent to the entire code. During solution of
the ionization, chemical, and thermal equilibria within a partic-
ular zone, the H, molecule populations will be determined sev-
eral dozens of times, and each new solution will be for conditions
that are not too far from previous solutions.

Two convergence criteria were used. The first is that the level
populations have stabilized to within a certain tolerance, usually
1%. This affects the observed emission-line spectrum. Collisional
de-excitation of excited levels within X can be the dominant gas
heating mechanism in parts of a PDR (THS85), and a second cri-
terion was that the net heating (or cooling) have stabilized to bet-
ter than a small fraction of the heating-cooling error tolerance.
These criteria were chosen so that the molecular data remained
the main uncertainty in the solution.

2.7.3. Line Overlap

For an isolated line we use equations (AS8) and (A9) of
Federman et al. (1979) to treat coarse line overlap of the Doppler
core and damping wings. For the case of the electroniclines of H,,
many thousands of lines and the heavy element ionizing continua
overlap. Neufeld (1990), Draine & Bertoldi (1996), and Draine &
Hao (2002) discuss ways of treating overlapping lines. Cloudy
has always included the effects of line overlap for important cases,
which were added on an individual basis (one case is discussed
by Netzer et al. 1985). A general solution to the overlap problem,
with overlap treated in an automated manner, is necessary. We
developed a method that looks to the long-term evolution of the
code, since the overlap problem will only become worse as the
simulations become more complete and more lines are added.

The simplest approach is to make the continuum energy mesh
fine enough to resolve all lines, then lay the line opacities and
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source functions onto this mesh. This approach is taken, for
instance, by the Phoenix stellar atmosphere code for atomic
lines (Hauschildt & Baron 1999). It is not feasible to do this in
Cloudy, since the code’s execution time is linearly dependent
on the number of continuum points. This is because of the repeated
evaluation of photointeraction rates and continuous opacities—the
far higher spectral resolution needed to resolve lines would result
in prohibitive execution times.

We use a multigrid approach to treat line and continuum over-
lap. In this scheme certain aspects of a problem are solved on a
fine mesh, with far higher spectral resolution, which is then prop-
agated out onto a courser energy scale. The coarse continuum
cells are many hundreds of line widths across, so it is not possi-
ble to tell, on that scale, whether lines actually interact and to what
extent. The fine mesh has several fine-resolution continuum el-
ements per line width; the total line opacities and source functions
are placed onto this fine mesh, and the effects of line overlap is
handled trivially. Lines are individually transferred within the
fine mesh and then referenced back onto the course grid to in-
clude interactions between line and the continuum. An example
of the coarse and fine continua is presented in § 3.3 below.

2.8. Heating and Cooling

Processes that add kinetic energy to the free particles are counted
as heating agents, while cooling processes remove kinetic energy
from the gas. H, affects the thermal state of its surroundings in
several ways.

The dissociation from electronic states following photoexci-
tation is an important heating process, which is given by a mod-
ified form of equation (9),

G, = ZnuAceca (10)
u

where the sum is over all electronic excited states, 4, is the
dissociation probability, e, is the kinetic energy per dissocia-
tion, as tabulated by Abgrall et al. (2000), and the units are ergs
em 3 57!

Collisional processes are included for all levels within X, as
described above. The energy exchange associated with these col-
lisions, expressed as a net cooling, is given by

Lx = ZZ(I’I}C}M - nucu[)glua (1 1)

u I<u

where the units are ergs cm ™3 s~!, the sum is over all levels

within X, and the C terms represent the sum of all collisional
rates that couple levels u and /. The variable ¢, is the difference
in energies between the levels. For conditions close to the il-
luminated face of a PDR, higher levels are overpopulated rel-
ative to a Boltzmann distribution at the gas kinetic temperature
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MobEL PARAMETERS FOR OriON PDR
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Fic. 7—Spectrum of the collisionally excited H, gas at 500 K with hydrogen
density 10% em ™3 ( filled circles) and 10° cm™> (open triangles).

and collisions within X is a net heating process. Deep within the
cloud the process acts as a coolant.

3. COMPARISON CALCULATIONS

This section describes several comparison calculations that
illustrate aspects of the H, simulations. We begin with the sim-
plest case, a model in which the molecule is dominated by thermal
collisions. Next the case of cosmic-ray excitation is considered,
then a situation similar to the illuminated face of a PDR, in which
populations are determined mainly by the Solomon process.
Finally a complete calculation of a standard PDR is presented,
with the resulting H, emission spectrum and column densities.
These cases have been well established by previous studies, for
instance Abgrall et al. (1992), Black & van Dishoeck (1987),
and Sternberg & Neufeld (1999), but our main purpose is to doc-
ument the current implementation of the relevant physics. If no
special values are mentioned, then all the model parameters have
the values listed in Table 3.

3.1. Collision-dominated Regions

Collisions play an important role in determining H, spectra in
shocks, or gas that is otherwise heated to warm temperatures.
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ny = 10° em™
24 F ° i
— ® 9 °
‘0 A °
“ '
g %y AN® a b ]
% A A
ng 28 S 5 A3 °
a0 gl v 8es Lo ng =10 eny’ 1
\CI -28 LN .s% % AA ° H
E A. ..AAA A A
a o sa A a
A ATA N
B0 ' JYA . :S e o 1
%\A@ AN A A AAA 9N ° N
A a0 AN A 4 A ° s
-32 : e

wavelength (um)

Fic. 8.—Spectrum of the shock-excited H, gas at 2000 K with hydrogen den-
sity 10° cm ™ ( filled circles) and 10° cm™3 (open triangles).
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As a test case we have computed the collisionally excited spec-
trum of a predominantly molecular gas.

In the low-density limit, where every collisional excitation is
followed by emission of a photon, the collisional rate is given
by (ou)n(Hy)n., where the first term is the excitation rate coef-
ficient and .. is the density of colliders. The emissivity is then
given by 41 = (ou)n(H,)* (in units of ergs cm~> s~!). In this
limit the ratio 47j/n(H,)* should depend mainly on the collision
physics.

Figure 7 shows the spectra of collisionally dominated gas at
500 K, a typical PDR temperature. Two hydrogen densities, 10°
and 10° cm—3, are shown. Figure 8 shows collisionally domi-
nated spectra at 2000 K, a typical shock temperature, with the
same densities. The Solomon process and cosmic-ray excitation
were disabled to make the excitation due entirely to collisions
with thermal particles. The gas was almost entirely molecular
[n(Hy)/n(H) = 0.5]. Line emissivities are greater for higher
temperature, as expected. For both models the long-wavelength
transitions, which form from smaller J in v = 0, have a higher
emissivity for the lower density. These lines are collisionally de-
excited at the high density. As the density increases, the higher
rovibrational levels become more populated by collisions from
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Fic. 10.—Populations per molecule for a 500 K gas. The calculations are
for unshielded gas in which the electronic lines are optically thin.
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for the standard TH85 PDR.

intermediate J, resulting in more intense lines originating from
those high levels.

3.2. Cosmic Ray—dominated Regions

Both very hard photons and cosmic rays may penetrate into
regions where hydrogen is predominantly molecular. In such envi-
ronments the primary effect of collisions between thermal matter
and energetic particles or light is to produce nonthermal electrons,
which then excite or ionize the gas. This can result in both de-
struction and excitation of H,. We assume the Galactic back-
ground ionization rate quoted in Williams et al. (1998), {/ny =
2.5x 10717 em® s7!, where ( is the primary cosmic-ray H® ion-
ization rate (in units of s—!), and the excitation distribution
function of Tiné et al. (1997), as described above. This cosmic-
ray background will be included in many of the models de-
scribed below, since this background ionization process should
be pervasive.

Nonthermal electrons can also excite rovibrational levels of
H,, as described above. As a test, we recomputed a 50 K model.
The low temperature was chosen so that cosmic-ray excitation
dominates. The electronic lines were forced to be optically thick
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Fic. 12.—H, (dashed line), H* (dash-dotted line), and H® (solid line) den-
sity for the standard TH85 PDR.
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FiG. 13.—Electron temperature (solid line) and electron density (dashed line)
from the standard TH85 PDR.

to make the Solomon excitation process unimportant, and as a
result the gas is almost entirely molecular. The predicted spec-
trum is shown in Figure 9. Inspired by Tiné etal. (1997), we also
predicted a spectrum at 50 K. The differences are because of the
full chemistry of this model, likely to be different, which affects
the thermal excitation rates. Given this uncertainty, the agree-
ment with their calculation is quite satisfactory.

The cosmic ray—dominated spectra is much richer in char-
acter than the collision-dominated spectra described above. The
energy levels of H, are widely separated, so most molecules
reside in the ground vibrational level for fully molecular envi-
ronments. Thermal collisions cannot excite high rovibrational
levels. Cosmic rays are highly energetic and can pump H, in
higher rovibrational levels, resulting in numerous intense lines.

3.3. The Orion PDR

We consider the TH85 standard model, since this has parame-
ters chosen to be similar to inner regions of the Orion complex
and the model has become a standard within the PDR community.
Table 3 summarizes the parameters of the TH85 Orion PDR. We
assume the constant gas density, chemical composition, and in-
cident radiation field given in TH8S5. Ferland et al. (1994) discuss
a previous comparison of our results with this paper.

As outlined in § 2.4 above, our treatment of the grain phys-
ics has improved, and this is a major source of differences with

1e-16 T T T

1e-17

1e-18

1e-19

1e-20

= THSS ~
1e-21 N

le-22 - B

Heating (erg cm™ s
§

1e-23 | ' .

1e-24 | 1

1e-25 . . .
0 1 2 3

A,
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our earlier calculation. We use a grain size distribution that is
chosen to reproduce the overall extinction properties of the ex-
tinction along the line of sight to the Orion environment. Most
of this extinction occurs within the Veil, a predominantly atomic
layer of gas that lies several parsecs towards the observer from
the central star cluster. The column density per unit extinction is
taken from Shuping & Snow (1997) and Abel et al. (2004). We
have also included PAHs in our calculation. Grain charge, tem-
perature, and drift velocity are self-consistently determined for
each type and size of grain.

As a starting point we consider a point near the illuminated
face of the PDR. Figure 10 shows the populations per mole-
cule for an unshielded atomic gas with a constant temperature of
500 K. Collisions are relatively unimportant and the H, level
populations are determined by the Solomon process. As expected,
the populations are highly nonthermal, with large populations in
high J and v levels.

Next we compute the full ionization, chemical, and thermal
structure of the PDR. Figures 11 and 12 show the computed
abundances of C*, C, CO, H', H’, and H,. For 4y > 2.4, H, is
the dominant species, while all C is in the form of CO for 4y >
4.4. Figure 13 shows the computed temperature structure and
the electron density. At the illuminated face of the cloud the
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Fic. 16.—Comparison of several simple Solomon rates with Solomon rates
from the current microphysical model of the H, molecule. The solid, dashed,
and dash—double-dotted lines represent TH8S, Bertoldi & Draine (1996), and
our model, respectively.
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electron temperature is >200 K, and 7 drops to 30 K deep inside
the cloud. At the edge of the cloud the electron abundance is
determined by the ionization of C and is equal to the C* abun-
dance. These results are in qualitative agreement with the orig-
inal TH8S calculation.

Collisional de-excitation of H; is a significant gas heating mech-
anism. TH85 present a widely used theory for the process that in-
volves a simple representation of the H, molecule. They use two
levels, H, and H3, and their heating rate (their eq. [A13]) is lin-
early dependent on H3. Conversely, we consider all 301 bound
levels in the ground electronic state. Figure 14 compares the
heating due to the H, de-excitation between TH85 and our model.
Deep inside the cloud, the H; population is very small, since it is
predominantly produced by the Solomon process, which is inef-
ficient because of line self-shielding. This small population makes
the TH85 de-excitation heating rate very small. In our calcula-
tion heating at depth is mainly due to collisions with low J levels,
which are not included in the H, and Hj representation. As a re-
sult, deep inside the cloud these two are considerably different.

Photoelectric emission from grains is a major source of heat-
ing. As discussed by Ferland et al. (1994), our model of grain
photoelectric heating results in generally lower temperatures than
the original TH85 calculation. As discussed above, our current
treatment follows Weingartner & Draine (2001) and results in
slightly less heating. Figure 15 shows the variation of tempera-
ture for the graphite and silicate grains and PAH. The PAHs are
hotter than the other two because of their smaller sizes, while the
graphitic component is generally hotter than the silicate. Within
each type of grain, smaller grains are hotter than larger due their
reduced radiation efficiency. The dependence on grain size and
composition is in the expected sense. The H, grain formation
rate depends on grain temperature, which shows the importance
of using a realistic representation of the grain physics in this
simulation.

The Solomon process is the most important destructive mech-
anism for H,. Figure 16 compares the Solomon process dissoci-
ation rates given by equation (9) with that computed using the
approximation given by equation (A8) of Tielens & Hollenbach
(1985) and by equation (23) of Bertoldi & Draine (1996).

At the illuminated face of the cloud our model predicts
greater Solomon rates than the other two. This higher value of
the Solomon rate has been observed by the other groups present
at the Leiden PDR workshop (2004). The effect is due to the
inclusion of 301 levels in X, which will produce more pump-
ing from the excited rovibrational levels to the higher electronic
states resulting in a larger Solomon rate. Deep inside the cloud
self-shielding plays a crucial role and our model matches better
with the Draine & Bertoldi (1996) model.

The integrated column densities for various J levels in the
v = 0 level are shown in Figure 17a by filled circles, whereas

TABLE 4
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Fic. 21.—Fractional populations at the illuminated face of model F1 of
Leiden PDR workshop (2004). The open circles represent our results. The tri-
angle down, triangle up, and squares represent results of Le Bourlot et al. (1995),
Sternberg & Neufeld (1999), and Black & van Dishoeck (1987), respectively.

the LTE column densities are given by open circles. It is clear
from the plot that the J = 0-3 levels are in LTE. The pop-
ulations of these low levels are mostly affected by collisions and
henceforth have come into equilibrium. The populations of higher
levels are mainly populated by nonthermal pumping processes
and are overpopulated relative to their LTE value. The gas tem-
perature can be derived safely for these conditions from the ra-
tio of column densities of J = 1-0 since these levels are in LTE.
We find a mean gas temperature of 49.4 K from the ratios of
column densities shown in Figure 17a. Ratios of higher rota-
tional levels (J > 3) can be used as diagnostic indicators of non-
thermal pumping. The integrated column densities for various
J levels for the v = 1-8 vibration levels are shown in Figures 175
and 17¢. This type of diagnostic diagram is commonly used to de-
termine conditions within translucent molecular regions ( Draine
& Bertoldi 1996). Most of the H; is in the ground vibrational
level and its column density is much larger than the excited vi-
brational levels. The column density decreases with increasing v.
The populations, and their variation with J, of the excited vi-
brational states are different than the ground vibrational state
and the distinction between ortho and para states are more prom-
inent for v > 0.

The full H; spectrum is shown in Figure 18. H, can offer ad-
ditional PDR diagnostic indicators of the density and flux of the
ionizing photons. Note that optical lines should be detectable,
although at very faint levels.

We also calculated the total ortho—to—total para ratio as a
function of 4y as given by Abgrall etal. (1992) and Sternberg &
Neufeld (1999). This is shown in Figure 19. This has a similar
characteristic as the previous calculations.

Earlier we discussed the treatment of line overlap. Figures 20a
and 20b show the coarse and fine continua for the point at the
half-molecular location in the PDR, where 2n(H;)/n(H) = 0.5.
Figure 20a shows the coarse continuum, used in the evaluation
of the continuous opacities and photodissociation rates. Ther-
mal emission by dust dominated the infrared emission, with fine
structure atomic emission superimposed. PAH features are pres-
ent in the near IR, and a set of weak H, lines are present in the 1—
10 pm region. Figure 205 shows the fine continuum transmission
factors. This is similar in appearance to, for instance, Figure 2 of
Abgrall etal. (1992). We can see finer details as we zoom out the
wavelength scale.
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(2004). The open circles represent our results. The triangle down, triangle up,
and squares represent results of Le Bourlot et al. (1995), Sternberg & Neufeld
(1999), and Black & van Dishoeck (1987), respectively.

3.4. The Leiden (2004) PDR

We, along with eight other groups, participated in a PDR work-
shop held in Leiden in the Spring of 2004. The purpose was to
compare predictions of various PDR codes. Three other codes
included complete models of the H, molecule, and as test case
was devised to check their predictions. The other codes were
those described by Sternberg & Neufeld (1999), Black & van
Dishoeck (1987), and Le Bourlot et al. (1995). Here we com-
pare the predictions of one of the constant temperature mod-
els (F1). The parameters are given in Table 4. For simplicity an
equipartition distribution function, in which 1/3 of the energy of
formation of H, goes into the grains, internal excitation, and
kinetic energy, was assumed in all cases. Figure 21 compares
the fractional populations at the illuminated face of the cloud as

vironment, one can uniquely determine its physical conditions
and emitted spectrum. This work lays the foundation for future
investigations of the role of H, in various astrophysical environ-
ments. This version of Cloudy is available at the Cloudy home

page.”
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APPENDIX

EFFECTS OF UNCERTAIN COLLISION RATE COEFFICIENTS

The uncertainties in the collisional rate coefficients are substantial. If the errors are random and not correlated, then we can simulate
the uncertainty with Gaussian random numbers. We assume the following form for the error distribution:

log 7’ = log r + rand,

where rand is a Gaussian random number with a mean of 0 and a dispersion of 0.5.

I/Inorm

0.01

0.001

0.0001

wavelength (um)

FiG. 23.— Comparison of resulting spectra at 500 K with ( filled triangles) and without (open triangles) Gaussian random noise in collisional rates.
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Fic. 24.—Level populations for v = 0 and 7' = 500 K with and without the random Gaussian noise in collisional data. The rotation quantum number J is indicated
along the x-axis, while the y-axis gives the populations per H,. The black squares and open circles represent populations with and without noise, respectively.

This random noise in collisional rate coefficient changes the final spectra (Fig. 23) by less than 5% for very low rotational quantum
numbers such as 0—0 S(0), 0-0 S(1) and 0—-0 S(2), but by as much as 25% for higher rotational quantum numbers such as 0—0 S(3),
0—0 S(4). Figure 24 plots the level populations for v = 0 with and without the random Gaussian noise in collision data at 500 K.
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