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ABSTRACT

We calculate the thermal equilibrium gas temperature of the diffuse interstellar medium. Our method
incorporates a new photoelectric heating rate from small grains and PAHs that accounts for a size distribu-
tion of particles extending from 100 to 3 A in radius. We also include a detailed treatment of the ionization
rates and heating due to the soft X-ray background and due to cosmic rays. Phase diagrams (thermal pressure
P versus hydrogen density n) are presented for gas that is illuminated by the local interstellar far-ultraviolet
(FUV) and X-ray radiation fields. A stable two-phase medium is produced with thermal pressure in the range
P/k ~10*-10* K cm~3. We demonstrate that photoelectric heating from PAHs dominates in the warm
neutral phase (WNM) and cold neutral phase (CNM). The WNM is cooled by Lya, C 11 (158 um), O 1 (63 um),
and electron recombinations onto positively charged grains. The CNM is cooled primarily by C 1 (158 um).
The C n (158 um) cooling per hydrogen nucleus ranges from 2.6 to 6.6 x 1072 ergs s™! H™! in the CNM
and 0.31 to 0.81 x 107 2% ergs s™* H™! in the WNM, which compares favorably to recent observations. If the
C 11 (158 pm) cooling per hydrogen nucleus in the solar neighborhood represents an average value for the
Galaxy, we predict Lcy >~ 7 x 107 L, from the CNM in the Galaxy, comparable to that observed by COBE.

We discuss the dependence of the results on absorbing column density (10'® cm™2 < N, < 10%° cm~2), gas-
phase abundances (variations in C and O of ~2), dust abundances and metallicity (from 0.003 to 3 times
solar), FUYV field (0.3-1000 times local values), and the X-ray radiation field (two models of background X-ray
fluxes). These results will be useful in modeling the multiphase structure of high-velocity clouds in the halo,

the ISM at other galactocentric radii, and the ISM in external galaxies and galactic nuclei.

Subject headings: dust, extinction — ISM: general

1. INTRODUCTION

Diffuse gas in the interstellar medium is observed to exist in
three dominant phases: a cold (T 2 50 K) neutral medium
(CNM), a warm (T ~ 8000 K) medium, both neutral (WNM;
n,/n ~ 1071) and ionized (WIM; n,/n ~ 1), and a hot (T ~ 10°
K) ionized medium (HIM) (McKee & Ostriker 1977, hereafter
MO; see reviews by Kulkarni & Heiles 1987, 1988, and Spitzer
1990). The phases are observed in rough pressure equilibrium
with P/k ~ 103-10* K cm™3 (Jenkins, Jura, & Loewenstein
1983; see also Kulkarni & Heiles 1987), although the dominant
thermal and ionization processes in all phases are not well
determined. This paper concentrates on the thermal and ion-
ization balance of the atomic CNM and WNM phases and
demonstrates the conditions under which a stable two-phase
medium may exist in pressure equilibrium. In particular, we
focus on the new photoelectric heating rates developed by
Bakes & Tielens (1994) in which the heating process is derived
at a fundamental level for a distribution of small grains and
PAHs. In addition we also include a detailed calculation of the
ionization fraction induced by the Galactic soft X-ray radi-
ation field.

The thermal balance and stability of the CNM and the
WNM has a long history of investigation. Field, Goldsmith, &
Habing (1969) first showed that a two-phase medium can be
maintained by cosmic-ray heating if the primary ionization
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rate is at least (g ~4 x 1071® s~ Subsequent analysis,
however, indicated that the cosmic ray ionization rate is sig-
nificantly lower; a conclusion based on the small propagation
distance of low-energy cosmic rays that dominate the ioniza-
tion (Spitzer & Jenkins 1975), and the observations of several
molecular species sensitive to the ionization rate (e.g., HD,
Barsuhn & Walmsley 1977; OH, van Dishoeck & Black 1986;
HJ, Black et al. 1990). In addition, a recent study by McKee
(1994) finds a primary ionization rate in the WNM and CNM
of {cg ~ 1.8 x 1077 571, a rate which is a factor of at least 20
lower than needed to heat these phases.

Another potential heating source is the photoelectric ejec-
tion of electrons from dust grains by the interstellar radiation
field (Watson 1972; Glassgold & Langer 1974; Jura 1976;
Draine 1978; de Jong 1977, 1980). Ultraviolet photons can be
absorbed by grains and dislodge internal electrons. Most of the
electrons do not reach the surface, but a fraction, given by the
photoelectric yield (Y ~ 0.1), are ultimately ejected from the
grain. The energy consumed in liberating the electron includes
collisional losses in the grain, and the energy required to over-
come the work function and the Coulomb potential of accu-
mulated positive grain charges. The remaining energy,
typically ~1 eV per ejected electron, is available for gas
heating. Draine (1978) reexamined the photoelectric heating
process introduced by previous authors. Using detailed physics
of photoemission and using data based on laboratory measure-
ments, he concluded that grains could heat the CNM but could
not heat the WNM. De Jong (1977, 1980) adopted a para-
metric approach based upon the observed cooling in the
diffuse interstellar medium (Pottasch, Wesselius, & van Duinen
1979). De Jong varied the grain properties, cosmic-ray ioniza-
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tion rate, and gas-phase abundances until a reasonable two-
phase medium was obtained.

In light of the low photoelectric heating found by Draine
(1978), Ferriére, Zweibel, & Shull (1988) investigated the
heating due to hydrodynamic wave dissipation. They con-
cluded that wave heating is negligible in the CNM but could be
an important source in the WNM. In addition, they found two
phases for pressures in the range P™"k ~ 130 K cm ™3 <
P/k < P™*/k ~ 2000 K cm~3. However, these pressures are
lower than observed in many regions of the Galactic plane.
The data of Jenkins et al. (1983) and Jenkins & Shaya (1979)
show that ~56% of the total column lies at a pressure greater
than P/k = 2500 K c¢cm™3; only about 14% of the observed
total column of C 1 exhibits a pressure below P/k = 1000 K
cm~3. We also note that hydrodynamic wave heating dimin-
ishes with increasing ionization fraction. When ionization by
cosmic rays (§ 2.2.2) and soft X-rays (§ 2.2.3) is included, the
hydrodynamic heating rate at P™** derived by Ferri¢re et al.
(1988) drops by a factor of ~2.

D’Hendecourt & Léger (1987) and Lepp & Dalgarno (1988)
demonstrated that photoelectric emission from very small
grains and large molecules (polycyclic aromatic hydrocarbons,
or PAHs) could potentially be an important heating source.
Verstraete et al. (1990) strengthened these arguments by using
laboratory measurements of the photoionization cross sections
for 2 PAH molecules to show that enhanced photoelectric
heating by PAHs could produce two-phase media with P™** <
7400 K cm ~ 3. Sutherland & Shull (1994) extended this analysis
to include large grains, a population of small organic grains,
and PAHs of a single mean size, and analyzed the relative
contributions of the three components to the thermal pressure.
Recently, Bakes & Tielens (1994, hereafter BT) presented a
detailed discussion of the net heating produced by a distribu-
tion of particle sizes extending into the molecular domain.
Their method incorporates the appropriate microphysics
(ionization potential and photoelectric yield, for example) in all
size regimes and includes a calculation of the expected charge
distribution for each grain size. Compared to large grains,
PAHs and very small grains have a greater photoelectric yield
and smaller positive charge leading to a more efficient heating
process.

In this paper we use the BT heating function. Thus, for the
first time, we present a complete picture of the photoelectric
heating and thermal instability in the diffuse interstellar
medium using a realistic grain distribution and based entirely
on the atomic physics. It is our intention to demonstrate that
the model satisfies the observational constraints in the local
interstellar medium and to provide quantitative predictions for
the variation of all important parameters. The results are
essential to understand the energy budget and volume filling
factors, for example, of the various phases of diffuse gas in our
Galaxy and in extragalactic systems, and they lay the founda-
tion for future theoretical models in these areas.

We first discuss in § 2 the thermal and chemical processes
included in our model. In § 3 we present phase diagrams for
the interstellar medium and illustrate the dependence on the
dominant model parameters. We compare our calculations
with the results of previous investigators in § 4 and then apply
our results to observations of the local interstellar medium,
both in the plane and at high Galactic latitude. We also point
out the possible applications of our results to the C 11 (158 um)
luminosity from the Galaxy as a whole, to high-velocity clouds
in the Galactic halo, to different Galactic radii, and to star-
burst galaxies. The important points are summarized in § 5.

2. PHYSICAL PROCESSES

We calculate the equilibrium temperature T of a parcel of
gas of density n that is exposed to the Galactic cosmic-ray flux
and radiation field. We include the ionization and heating due
to cosmic rays, soft X-rays, and far-ultraviolet (FUV) radi-
ation. For all of the models presented in this paper the column
of absorbing gas is restricted so that the gas is mainly atomic.
For the CNM with n ~ 100 cm ™3 and an unshielded disso-
ciation rate of H, equal to 7.5 x 107! s~ (Black & van
Dishoeck 1987) this requires that N(H®) < 3 x 102° cm ™2 for
2N(H,)/N(H°) = 0.1 (Federman, Glassgold, & Kwan 1979).

We assume that the magnetic field does not lead to pressure
differences between phases. For a static field, this will be true
along field lines since a static field cannot exert a force parallel
to itself. Alfvén waves can exert a force along the field (Dewar
1970), but we assume that the difference in wave pressures
between different phases is negligible. The dominant thermal
and chemical processes included in this study are listed in
Table 1 and are discussed in more detail in the next three
subsections.

2.1. Abundances

The total cooling in line radiation is sensitive to the gas-
phase abundance of the coolants. We define &/; to be the gas
phase abundance of element i relative to hydrogen, «/; = ny/n,
where n is the density of hydrogen nuclei n = n(H*) + n(H°)
+ 2n(H,). A recent analysis of interstellar absorption lines
toward ¢ Oph, ¢ Per, and J Sco, using the Hubble Space Tele-
scope (HST) indicates depletions of carbon by factors of ~1.4—
2.7 (Cardelli et al. 1993). Theoretical models of the
photodissociation region and H 11 region in Orion have shown
that somewhat higher gas-phase abundances of C are needed
to match the observed line emission from C1(370, 610 um), C 11
(158 pm), and C m (1907 A, 1909 A) (Tielens & Hollenbach
1985b; Rubin, Dufour, & Walter 1993). We adopt a value of
=3 x10"4 slightly less than solar abundance
(3.63 x 10™%; Anders & Grevesse 1989) and demonstrate in
§ 3.3 the effects of higher depletions.

The O abundance measured by Cunha & Lambert (1992)
from stellar spectra in the Orion association is &/ = 4.6
x 1074, a factor of ~2 less than solar. Such a discrepancy
between solar abundance and cosmic abundance could reflect
self-enrichment of the molecular cloud which formed the Sun.
In contrast, from observations of emission lines in the Orion
Nebula, Walter, Dufour, & Hester (1992) argue that the oxygen -
abundance is closer to solar. For a standard model, we adopt
the value from Cunha & Lambert (1992) for the gas-phase
abundance, a value roughly consistent with the interstellar
absorption line observations of Cardelli et al. (1993). In § 3.3,
we investigate the dependence on different O abundances. For
Si, S, and Fe we use gas-phase abundances from the com-
pilations of Jenkins (1987) and Van Steenberg & Shull (1988),
incorporating their fits to the variation of depletion with
average density.

The heating and ionization rates due to soft X-rays depend
on the elemental abundances. Depletion of the elements onto
grains, as well as single or double ionization of elements
heavier than He, affect the X-ray cross sections by less than
10%. We use the results of Anders & Grevesse (1989) to specify
the abundances of all elements other than O. A summary of
our adopted abundances, both elemental and gas phase, are
given in Table 2.
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1
S TABLE 1
1
' DOMINANT THERMAL AND IONIZATION PROCESSES (STANDARD MODEL)
|,_,I
; : Process Notes Reference
O
gl Photoelectric heating from small grains and PAHs
o FUYV field . Draine field; G, =~ 1.7 in units of Habing field 1
HEAtiNg ...ovovinineeeiineeieieee e e e eeaaaaeenas n[C = 10724G,ne ergs cm ™3 s~ ! 2
€=49 x 107%[1.0 + 4.0 x 1073G, T'*/n)>73]"* + 3.7 x 1072 2
(T/1049°7(1.0 + 2.0 x 107*G, T*/?/n,)~*; n, from ionization
equilibrium
Ionization and heating by cosmic rays
Primary ionization...............ccoeeiiiiiiiiiiiniinn.. g =18x10""ncm 357! 3
Secondary ionization .............cooeiiiiiiiiiiiienaen. Primary E = 35 €V, n, from ionization equilibrium 4
Heating ...ovveiiiiieiii e Primary E = 35 eV, n, from ionization equilibrium 4
Tonization and heating by soft X-rays
1. Unabsorbed component .............................. T, =10%'¢ K, EM, = 53 x 103 cm~° pc, N, = 0.0 cm 2 56
2. Absorbed component ................ceceuveninannane. T,=10%33 K, EM, =25 x 1073 cm~° pc, N, = 3.6 x 102° cm ™2 56
3. Extragalactic component I, oc (hv)™ %%~ "M N, = 3.9 x 102° cm ™2 5,6
Spectrum calculated for foreground absorption ...... Absorbing column = N,
Primary ionization...... . n{xx from H, He, C, N, O, Ne, Mg, Si, S, Fe 7
Secondary ionization . From H and He, n, from ionization equilibrium 4
Heating ................oo n, from ionization equilibrium 4
Recombinations
Radiative recombination ...............c...ccevvninnennn. H* He*, C* 8
Ton recombination on grains ................cocvuenenn. H*, He™", C*, neutralization, charge exchange, adsorption 9
Cooling by fine-structure lines
(O | SO Impacts with H® and e™, o/ =3 x 107* 10, 11
[0 PP Impacts with H% e~, and H*, &/, = 4.6 x 107* 12

CLSiLSimSi Feil, Feu
Cooling by resonance lines

Minor coolants

| 5 P Important at T 2 8000 K 13
Cooling by metastable lines
CLCin,OLOmSiLSimSy,Su Fer, Femn...... O 1 most important coolant 8
Cooling by recombination
onto small grains and PAHs
n*A = 4.65 x 1073%n,n ergs cm 357! 2

n = T%°%G, T'?/n)f; B = 0.735/T°°%%; n, from ionization equilibrium

REFERENCES—(1) Draine 1978; (2) Bakes & Tielens 1994; (3) McKee 1994; (4) Shull & Van Steenberg 1985; (5) Garmire et al. 1992; (6) Raymond &
Smith 1977, 1993; (7) Balucinska-Church & McCammon 1992; (8) Hollenbach & McKee 1989; (9) Draine & Sutin 1987, egs. (3.3), (3.4), and (5.9);
(10) Launay & Roueff 1977; (11) Hayes & Nussbaumer 1984; (12) Péquignot 1990; (13) Spitzer 1978.

2.2. Heating and Ionization
2.2.1. Photoelectric Heating from Small Grains and PAH's

We use the results of BT to calculate the photoelectric
heating. In their model, grains are distributed with a Mathis,
Rumpl, & Nordsieck (1977, hereafter MRN) power-law dis-
tribution in size, n(a)da oc a=3-* da between 3 and 100 A in
radius. Grains smaller than 15 A are assumed to be disks while
larger grains are assumed to be spheres (see BT). Since a range

TABLE 2
ABUNDANCES
Element Gas-phase Abundance® Elemental Abundance®

—1.00 —1.00

—3.52 —3.44

—3.34 —3.34
—5.45-0.45 x (log n + 0.5) —4.45
—4.84-0.28 x (log n + 0.5)° —4.41
—6.15-0.38 x (log n + 0.5) —4.49
-5.10 —4.73

—3.95

-391

2 Logarithmic number abundance relative to hydrogen, log, , (n,/n).

® nyg/n is set at cosmic abundance {~3.98 x 107°) at densities
n<85x10"3cm™3

¢ Element is included in ionization and heating by soft X-rays but not
gas-phase cooling.

in particle sizes is included, the heating function is not depen-
dent upon the properties of a single particular PAH species but
instead is a result of the integrated properties from a range in
sizes. With this distribution, species smaller than ~15A (~4%
of cosmic carbon) absorb about 10% of the total FUV flux.
This is comparable to the observed ratio of the flux in the 3—-10
um emission features and plateaus to the total IR emission
(Allamandola, Tielens, & Barker 1989). The remaining flux is
absorbed by larger grains (mainly 15-300 A). The smaller
grains, however, have a much larger photoelectric efficiency
and hence contribute about half of the photoelectric heating.

BT calculated the charge distribution for each particle size
taking the photoionization and the electron and positive ion
recombination into account and found the total photoelectric
heating from the distribution of particles. The resulting heating
rate is given by

nl = 1.0 x 10" 2*neG, ergscm ™3 s, (1)

where € is the fraction of FUV radiation absorbed by grains
which is converted to gas heating (i.e., the heating efficiency)
and G, is the incident FUV field normalized to Habing’s (1968)
estimate of the local interstellar value (=1.6 x 1073 ergs cm ™2
s~!). Dust extinction becomes important at a hydrogen
column density N ~ 1.2 x 10?! cm ™2, but, since we are not
considering columns this large, the FUYV field is not attenuated
by dust. BT provide a simple fit to € as a function of
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F1G. 1.—Photoelectric heating efficiency € of small grains and PAHs (from
Bakes & Tielens 1994) plotted as a function of G, T*/*/n,. Curves are shown
for gas temperatures T < 102 K (solid), T = 10° K (dash), T = 10* K (dash-
dot). At small values of G, T'/*/n, (<5 x 10° K'/? cm?) grains are mainly
neutral and the efficiency is at a maximum. At larger values of G, T'/*/n, the
efficiency drops due to grain charging.

Go TY?/n,:

49 x 1072

. L3 102(T/10%°
T 1.0 + [(Go T*?/n,)/19251°73

1.0 + [(Go T*2/n,)/5000]’
(V)]

where n, is the electron density (see Fig. 1). The first term in
equation (2) dominates the efficiency at low temperatures, with
the second contributing ~10% at T ~ 600 K. The second
term introduces an additional dependence on gas temperature
which enhances the efficiency by a factor of ~1.7 at T = 10*
K. This term is a result of the increase in the electron recombi-
nation rate onto grains at high temperatures, which lowers the
grain (positive) charge and thereby increases the heating effi-
ciency.

The combination G, T*/%/n, is proportional to the rate of
ionization divided by the rate of recombination. At small
values of G, T'/?/n, (<5 x 10 K'?> cm?; eq. [2] and Fig. 1)
grains are mainly neutral (or negatively charged) and the effi-
ciency is at a maximum (e ~ 0.05-0.09 depending on the gas
temperature). For all of the models discussed in this paper,
T < 1000 K when G, T'?/n, < 5 x 10° K'/? cm?, so that the
low-temperature value, € ~ 0.05, is appropriate (i.e., the first
term in eq. [2] dominates at low values of G, T/?/n,). In this
limit, the heating rate is regulated by the FUV field strength
and grain density (nI” oc nG,). Using equivalent radiation
fields, the maximum heating rate is a factor of ~ 3 greater than
that found by Draine (1978). At higher values of G, T'/?/n, the
efficiency drops due to positive charging of the grains. The
heating rate is then governed mainly by the electron recombi-
nation rate and the resulting grain charge. Higher rates of gas
ionization due to cosmic rays or X-rays, for example, can
increase the electron fraction in the gas and therefore increase
grain photoelectric heating by decreasing the positive charge
on the grains.

The photoelectric heating rate is fairly insensitive to the
spectral energy distribution of the FUYV radiation field. For the
interstellar field, we use the energy distribution of Draine
(1978). Keeping the integrated FUV flux constant, but chang-
ing the spectral shape to that of a 30,000 K blackbody (as for
an FUV field dominated by distant O stars), decreases the
heating efficiency by ~25%. Equations (1) and (2) are normal-
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ized to the integrated field strength between 6 and 13.6 €V in
units of G,. We use G, = 1.7 for the local field, corresponding
to the integrated Draine (1978) field. The photoelectric heating
rate is also not very sensitive to the details of the grain size
distribution, if they are maintained within observational con-
straints. We have adopted the MRN distribution extrapolated
to the molecular domain which yields agreement with the
observed 3—10 um emission due to interstellar PAHs (Tielens
1993). Changing the shapes of grains smaller than 15 A from
disks to spheres decreases the heating rate by only ~25% (BT).
However, the slope of the grain size distribution does affect the
heating rate appreciably. Varying the grain size index from
—3.5to —4.5leads to an increase in the heating by a factor of
3, but this would also result in a 3-10 um flux which is three
times larger than observed.

We note that the evolution of the grain size distribution in
the ISM is not well determined (see reviews by Puget & Léger
1989 and Tielens 1993). Many processes have been proposed
for the formation of PAHs including: injection into the ISM by
C-rich stellar outflows (Keller 1987), shattering of large grains
in shocks (Tielens & Allamandola 1987), and synthesis of
PAHs from smaller hydrocarbons in diffuse gas through reac-
tions of C* (Omont 1986) and in molecular clouds through
ion-molecule and neutral reactions (Herbst 1991). Proposed
destruction processes include sputtering in shocks (Jones et al.
1994), chemical reactions with H and O (Duley & Williams
1986), and photodestruction by UV photons (Puget, Léger, &
Boulanger 1985). Since it is beyond the scope of this paper to
resolve the important problem of the origin and evolution of
interstellar PAHs, we assume that the grain distribution is the
same in the CNM and WNM phases. Such an assumption is
consistent with the recent observational results of Giard et al.
(1994) who find a homogeneous mixing of PAHs in the diffuse
ISM in the Galactic plane.

2.2.2. Cosmic Rays

We adopt a primary cosmic-ray ionization rate of n{cg = 1.8
x 10717n cm ™3 s~ (including the ionization of He) from the
work of McKee (1994), who has updated the approach devel-
oped by Blandford & Ostriker (1980) and by Ip & Axford
(1985). Cosmic rays are assumed to be injected with a power
law in momentum, consistent with diffusive acceleration by
shocks (e.g., Blandford & Eichler 1987). The steady state dis-
tribution of interstellar cosmic rays is determined by balancing
injection with ionization losses and escape from the halo; the
numerical values are set by requiring the resulting cosmic-ray
spectrum to be consistent with observations in the solar
system.

The total ionization rate, including secondary ionizations of
H and He, is given by

nécr = nler[1 + $™(E, no/n) + $"(E, n./n)] , ©)

where the factors ¢*(E, n,/n), and ¢"*(E, n,/n) give the number
of secondary ionizations of hydrogen and helium produced per
primary ionization. These functions depend on the primary
electron energy E (with mean value approximately 35 eV;
Spitzer 1978) and electron fraction n,/n, and are taken from the
Monte Carlo simulations of Shull & Van Steenberg (1985).
Analytic expressions for ¢* and ¢"¢ are given in Appendix A.
Equation (3) yields a total ionization rate in diffuse clouds of
nécg = 3.0 x 107*7n cm™3 s~ 1. This rate can be compared
with the modeling results of van Dishoeck & Black (1986) for
the { Per cloud. Using the “fast” dissociative recombination
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rate for Hf of ~1077 cm?3 s™1, they find a cosmic-ray ioniza-
tion rate (per hydrogen) of nécg ~ 5-10 x 10" 7ncm 3 s tis
needed to match the OH observations. Any OH formed in
shocked or heated regions along the line of sight would reduce
this estimate, although the fraction of shocked OH toward
{ Per is expected to be small.

The heating due to cosmic-ray ionizations is given by
anR = nCCR Eh(Ea ne/n) ’ (4)

where the function E,(E, n,/n) gives the heat deposited for each
primary electron of energy E (Shull & Van Steenberg 1985;
Appendix A).

2.2.3. Soft X-Rays

The observed diffuse X-ray background arises from several
different components (see review by McCammon & Sanders
1990). Extragalactic emission dominates at the highest energies

. (>10 keV) while emission at low energies (<0.25) keV is

almost entirely Galactic. At intermediate energies, the back-
ground radiation is a mix of extragalactic and Galactic com-
ponents, with contributions from the local bubble, Galactic
disk, and halo.

The observed X-ray spectrum at energies 2 0.1 keV has been
fitted with a simple superposition of three separate com-
ponents (e.g., Garmire et al. 1992; see Table 1). Component 1
consists of gas at a single temperature, T;, and emission
measure, EM,, and can be interpreted as arising relatively
nearby. Similarly, component 2 consists of a single tem-
perature, T,, and emission measure, EM,, but with an inter-
vening absorption layer of column N,. This component can be
interpreted as arising from hotter, more distant halo gas. The
third component is extragalactic in origin and consists of a
power-law emission spectrum [ocC;(hv)~%4] beyond an
absorption layer N;. Using the Garmire et al. (1992) param-
eters, we generate the spectrum for energies greater than 13.6
eVv:

4nJ, = 3[A(T)EM, + A(T)EM e "™
+ C3(hv) %4 N3], (5)

where A(T) is the temperature-dependent emissivity from a
Raymond & Smith (1977, 1993) plasma code, and o, is the gas
photoelectric absorption cross section per hydrogen taken
from Batucinska-Church & McCammon (1992). In calculating
J,, we have conservatively assumed 4nJ ~ 2nl as expected for
radiation illuminating the surface of an opaque cloud or fila-
ment (N 23 x 10'° cm~2?). Since Garmire et al. (1992)
adopted the elemental abundances of Allen (1976) in deriving
the free parameters in equation (5) from the observations, we
have similarly used these abundances in computing the X-ray
spectrum (but have otherwise adopted the elemental abun-
dance compilation of Anders & Grevesse [1989] as discussed
in§ 2.1).

Note that in calculating the X-ray spectrum we have
neglected the contribution from discrete stellar sources. The
EUV emission from hot (B) stars and hot white dwarfs is
expected to be important in ionizing the WIM (MO), but will
be absorbed in such a short column (N < 10'® cm™2) that it
should not be important for the WNM. We also note that
equilibrium models do not match in detail the recent spectral
line results from the Diffuse X-Ray Spectrometer (Edgar et al.
1993; Sanders et al. 1993). Nevertheless, the parameter fit using
the equilibrium models does provide a reasonable match to the

" broad-band emission.
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The primary ionization rate of species i due to soft X-rays is
given by

. J .
nlig = 4nn Jh—” e *Mgldycm 357!, (6)
v

where the factor e ¥ accounts for an absorbing layer of
warm material of column density N,,. We include the primary
ionization of H, He 1, He 11, C, N, O, Fe, Ne, Mg, Si, and S, with
photoelectric absorption cross sections, ', per hydrogen, from
Bahucinska-Church & McCammon (1992). The cross sections
o, and ¢ incorporate the elemental abundances. The total
ionization rate of H and He, including secondary ionizations, is
given by

néxg = "[Cgk + Z C&k(‘b“(Ei, ne/n»]

ol G5+ 3 (B my | em =574 ()

where the factors (p™(E’, n,/n)> and {@P"(E', n/n)) give the
number of secondary ionizations per primary electron of
energy E, averaged over the X-ray spectrum.

The heating rate is given by

J . ;
nI'xg =4nn Y. J.Ev- e o"Nvgi E(E', n /n)dv , ®)

where the summation extends over species which suffer
primary ionization. Our calculated rates of ionization and
heating as a function of the (neutral) column N, and ionization
fraction n,/n are presented in Figures 2a and 2b, respectively.
We also provide simple parametric fits to these curves in
Appendix A. Figure 2a shows that the ionization by soft X-rays
dominates the cosmic-ray ionization for N,, < 2 x 10*°cm ™2,

It has been suggested that soft X-rays may be the dominant
source of heating for the WNM (e.g., Silk & Werner 1969;
Werner, Silk, & Rees 1970), depending on the distribution and
strength of X-ray sources and the intervening absorption
column. We shall demonstrate that the role of heating by soft
X-rays is subordinate to that of FUV photoemission from
grains, although the ionization by soft X-rays is essential for
maintaining a high electron density and thereby controlling
the grain photoelectric heating rate.

2.2.4. Additional Heating and Ionization Processes

In addition to ionization by X-rays and cosmic rays, we
include for H and He the collisional impacts with H and e~
using rates from Hollenbach & McKee (1989, hereafter HM).
The cooling due to these processes are also included. Species
with ionization potential less than 13.6 eV (e.g, C 1, Si 1, Fe 1)
can be ionized by the FUYV radiation field. The ionization of
these species produces a minimum electron fraction of n,/n ~ 3
x 10™* at columns less than N, < 10%! cm ™2, We also include
the heating due to photoionization of C 1.

2.3. Cooling and Recombination
2.3.1. Fine-Structure Lines

Collisional excitation of the fine-structure lines of C 11 and
O 1is a dominant gas coolant at temperatures T < 8000 K. We
include collisional impacts of C 11 with H® (Launay & Roueff
1977; Flower 1990) and e~ (Hayes & Nussbaumer 1984). For
O 1, we include H®, e, and H* collisions from the compilation
by Péquignot (1990). Additional cooling is provided by the
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F1G. 2—(a) Ionization rate per hydrogen &yg due to the diffuse X-ray back-
ground. Secondary ionizations of H and He are included. (b) Heating rate per
hydrogen I'yg due to the diffuse X-ray background. Curves are shown for
electron fractions n,/n = 1074, 1073, 1072, 10~ %, and 0.5 as a function of the
neutral column N,. Simple analytic fits are given in Appendix A.

fine-structure transitions of the ground electronic state of C 1,
Siy, Sim, S1, Fe1,and Fe .

2.3.2. Electron Recombination onto Positively Charged Grains

Grains and PAHs may also be an important gas coolant.
Net cooling results when the thermal energy of electrons
(2 kT) recombining onto positively charged grains exceeds the
energy of the ejected electron (<1 eV; depending on the mag-
nitude of the positive grain charge). This occurs at high tem-
peratures, T 2 10* K, and for predominantly positively
charged grains, G, T'?/n, 2 5 x 10° K!/2 cm? We treat the
heating caused by the electron ejection (eq. [1]) and the recom-
bination cooling separately, so that the net heating or cooling
is the difference between the two. We use the fit to the recombi-
nation cooling provided by BT:

n?A = 4.65 x 1073°T% %G, T*?/n,)Pn,n ergs cm 3 s~ 1,
©
with = 0.74/T°-°68,
2.3.3. Resonance and Metastable Lines

At the highest temperatures (T 2 8000 K) collisional excita-
tion of H Lya can contribute to the cooling. We also include
low-lying metastable transitions of C1, C1, O, O 11, Si 1, Si 11,
S1,S1, Fe1, and Fe 11, using rates from HM.

2.3.4. Additional Cooling and Recombination Processes

The radiative recombination of H™ is calculated using case
B recombination rates. A fraction of the He™ recombinations
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produce photons which can ionize H or He (e.g., Osterbrock
1989). Following HM we use the on-the-spot approximation
for the recombination of He*. Cooling due to inelastic colli-
sions of neutral gas and grains are included (HM), although
this process is found to be of negligible importance in the
WNM and CNM phases.

Recombination of positive ions (H*, He*, C*) on small
grains can be important for the ionization balance when the
recombination rate on grains exceeds the radiative rate. We
use the Draine & Sutin (1987) formalism for ion-grain colli-
sions along with the photoionization/photodetachment rates
of BT to calculate the rates of ion neutralization with PAH ™,
ion charge exchange with PAH®, and ion adsorption on PAH®.
We assume that the coefficient for charge exchange and
adsorption are equal with the sum given by the Draine & Sutin
(1987) value for ion-neutral collisions. The rate coefficients are
averaged over the disk population (3-15 A). Larger grains
(spheres) do not contribute significantly to the recombination
rates due to their lower abundance and higher positive charge
(see BT). We find that the recombination rates using several
grain size bins vary by only ~ 3% from the average rates.

3. PHASE DIAGRAMS

The equations of thermal and ionization equilibrium at con-
stant density n are solved numerically using an iterative
process. We first select a gas temperature and solve for the
species abundances in ionization equilibrium. A slightly modi-
fied version of the numerical code of Wolfire & K onigl (1991) is
used which solves for the equilibrium abundance, n;, of 41
atomic and ionic species and includes charge exchange reac-
tions. The network has been modified to include the additional
ionization and recombination processes of § 2. We then check
for thermal equilibrium (nI" = n?A) by calculating and com-
paring the summed heating and cooling rates. The temperature
is increased or decreased accordingly and the cycle (chemistry
followed by energy balance) is repeated until the temperature
remains fixed to within 1%. Using this equilibrium tem-
perature we construct phase diagrams by plotting the thermal
pressure P/k = T Y, n; versus hydrogen density n, where the
sum extends over all species (including electrons).

3.1. The Standard Model

We present in Figure 3a a phase diagram for an absorbing
column of N, = 10'° cm~2. Such a column density corre-
sponds to a WNM cloud of mass of about 1 M. Substantially
smaller columns correspond to negligible cloud mass and thus
cannot be typical. Substantially larger columns (N,, ~ 10%°
cm ™2, for example) correspond to WNM cloud diameters
100 pc, much larger than would be expected in a three-phase
ISM (MO). We shall adopt N,, ~ 10*° cm~2 as the standard
value and consider N, ~ 10'® cm~2 and N,, ~ 10?° cm ™2 for
particular cases.

Field (1965) discussed the criteria for stability of gas in
thermal equilibrium (see also reviews by Shull 1987, and Begel-
man 1990). In a plot of P/k versus n, regions of thermal stability
occur for d(log P)/d(log n) > 0. Thus, Figure 3a shows that a
stable two-phase medium, corresponding to the WNM and
CNM, can be maintained in pressure equilibrium for P/k
between P™"/k ~ 990 K cm~3 and P™*/k ~ 3600 K cm 3.
For pressures less than P™" only the warm phase is possible,
while at pressures greater than P™* only the cold phase is
possible. We list in Table 3 the allowed range in pressure for a
two-phase medium along with the corresponding range in

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...443..152W

log n (cm™)

158 WOLFIRE ET AL. Vol. 443
5_:11[,#11|l|||||||1r|||||_1 0T|||I|||1|l|rr|||r|||rr:
[ () d a B ()
a 4 — standard — ™ B
1 - —
g - _\ 7 o ]
3] r 7] a8 o =
£ S0 3 3 E ]
e - -1 o - -
& [ ’ T e =
" 7] F N, = 10" em ™ TSl ]
S 2 N, = 10”® em™®—— . -4 N, =10" em®— -
C 3 F N, =10 ecm ™. ]
1 L SN BN ENEN AN AN AN A AN AN AN AN A RS AN A _5—llLlIllll,||ll|IlllIIIII_
-2 -1 0 1 2 3 -2 -1 0 1 2 3

5
L O B B R B B e P N5 N B e
s T l | l ;ST l l ]
b s 4F @ 3
T Es - ]
) r ]
,,, T 3k =
5 g F .
N P. - .
3 § 2 ) N
. - 1/2_ -1 N
[y g 1-_- GoT "mg " ------- .
& = F E
"] b -~
Coa ol a il S 0—1||111|||l|||11111111|11‘
-2 -1 0 1 2 3 -2 -1 0 1 2 3

log n (cm™)

FIG. 3.—(a) Thermal pressure P/k vs. hydrogen density n for standard model (see § 3.1). Gas is thermally stable for d(log P)/d(log n) > 0. (b) Heating and cooling
rates per hydrogen nucleus vs. density n for pressure curve of panel a. Heating rates (dash); Photoelectric heating from small grains and PAHs (PE); X-ray (XR);
Cosmic ray (CR); photoionization of C (C 1). Cooling rates (solid); C 1 fine-structure (C 1); O 1 fine-structure (O 1); Recombination onto small grains and PAHs (Rec);
Lya plus metastable transitions (Lya); C 1 fine-structure 609 um (C 1*); C 1 fine-structure 370 um (C 1**). (c) Electron fraction n,/n as a function of hydrogen density n
for the pressure curve of panel a (solid). Also shown are curves for N,, = 10'® cm ™2 (dash), and N,, = 10*° cm~? (dash-dot). (d) Gas temperature T (solid) and
ionization parameter G, T*//n, (dash) as a function of hydrogen density n for the pressure curve of panel a.

density and temperature for each phase. At an equilibrium
pressure of P/k = 3000 K cm ~2 we find for the standard case a
WNM with T=7300 K, n=0.37 cm~3, and n/n=19
x 1072,anda CNM with T = 45K, n = 61 cm 3, and n/n =
33 x 1074,

Figure 3b shows the separate heating and cooling processes
per hydrogen for the thermal equilibrium curve shown in Fig.
3a. Photoelectric emission from small grains and PAHs domi-
nates the heating at all densities n > 10~2 cm ™ 3. Heating from
soft X-rays contribute less than ~35% to the total at n = 102
cm™? and less than ~1% at n = 10* cm~3. The decline in
X-ray and cosmic-ray heating at high densities is due to the
decreasing electron fraction (see also Fig. 3c) which channels
the primary electron energy into ionization and excitation
rather than heat.

Cooling at densities n < 0.1 cm ™3 (T 2 7000 K) is partly
due to electron recombination onto positively charged grains
and partly due to radiative loses from hydrogen Ly« and meta-
stable transitions of O 1. The fine-structure lines dominate at
nz1 cm 3 (T <2300 K) with comparable C 11 and O 1
cooling. The O1 cooling drops at higher densities
(corresponding to lower temperatures) due to the Boltzmann
factor oce ™ 2?®/T and due to the temperature dependence of the
collisional rate coefficients, leaving C n as the dominant
coolant. The excitation of the fine-structure levels is in the
low-density limit for most of the parameter space considered
here. For O 1 (63 um) the critical densities for collisional de-

excitation (at T = 300 K) atnfl ¥ 2 x 105cm™3,n%, ~ 1 x 10°
cm 3, and n?, ~ 1 x 105 cm ™ for impacts with neutral hydro-
gen, electrons, and protons respectively, while for C 11, nfl ~ 3
x 10® cm™2 and n¢, ~ 10 cm 3. Thus, (at constant electron
fraction) the cooling per unit volume behaves as n?A oc n?.

We show in Figure 3¢ the run of the electron fraction n_/n as
a function of n and in Figure 3d the run of T and G, T'/?/n,.
The contribution to the electron fraction by soft X-ray ioniza-
tion balanced by radiative recombination scales approximately
as n/noc n”'? with a somewhat steeper drop with density
near n ~ 1 cm™~3 due to a sharply decreasing gas temperature
that increases the rate coefficient for H* recombination. Ion
recombination on grains becomes comparable to radiative
recombination at densities greater than ~0.3 cm™3 (n/n <
0.03), thereby reducing the electron abundance obtained from
the radiative rates alone. The reduction in n, reaches a
maximum (about a factor of 3 drop) near n ~ 10 cm ~3. At high
density, the ionization of C due to FUYV radiation produces a
minimum electron fraction of n,/n ~ 3 x 1074,

The thermal instability is a consequence of the density and
temperature dependence of the various cooling processes. At
low densities (n < 0.1 cm ™), the fine-structure line cooling by
Cu and O 1is insignificant, and the temperature rises to ~ 10*
K, where the strong temperature dependence of the Lya and
recombination cooling thermostats the temperature. As
density is raised, the cooling by C 11 and O 1 eventually domi-
nates. This occurs in our standard model at n = 0.5 cm ™3,
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: ! TABLE 3

m: MOoDEL RESULTS: RANGE OF PHYSICAL CONDITIONS FOR TWO-PHASE MEDIUM

re)

?': WNM CNM

Pmin — Pmn T n T n
PARAMETER? (K cm™3) (K) (cm™3) n./n (K) (cm™3) n./n FIGURE

(Standard)®®.................. 990-3600 8700 —5500 0.10-0.59 0.046-0.013 210-41 4.2-80 1.3(=3)%-3.2(—4) 3a-d
N,=10%cm™2............. 1600-1.0(4) 9200 -5600 0.15-1.6 0.11-0.023 160-30 9.2-310 2.2(=3) -3.1(—4) 4
N,=10"cm™2............. 610-1500 8200 —4900 0.064-0.28 0.029-0.0093 240-65 2.4-20 9.3(—4) -3.3(—4) 4
He=30=5) cciirinininns 2900-6500 8500 —5400 0.31-1.1 0.022-0.0075 420-110 6.3-55 9.2(—4) -1.0(—4) 5
A= 1.5—4)

oo =30—4) 2100-7200 8800 —-6000 0.21-1.1 0.029-0.0077 210-47 9.2-140 6.2(—4) -1.6(—4) 5
Lc=15-4)....... 1700-5000 8600 —-6100 0.18-0.73 0.032-0.011 310-54 5.2-87 1.1(-3) -1.8(—4) 5
Ao=79(-4)...... 810-2300 8400 —4900 0.086-0.41 0.051-0.016 310-52 2.4-40 2.2(—3) -3.5(—4) 5
D/G=30....... 3300-9300 9500 —6400 0.31-1.3 0.014-0.0038 330-57 9.2-150 5.3(—4) -2.9(—4%) 6a
D/G=03............ 200-800 8600 —4600 0.020-0.15 0.11-0.027 170-40 1.1-18 4.8(—3) -5.6(—4) 6a
D/G=0.1............ 61-370 9000°-5500 0.0050°-0.058 0.22°-0.064 140-33 0.41-10 8.2(—3) -9.8(—4) 6a
D/G=003 .......... 34-280 9000°-5100 0.0025°-0.048 0.30°-0.069 110-26 0.28-10 9.5(—3) -1.1(-3) 6a
D/G=001 .......... 29-270 9000°-5800 0.0020°-0.039 0.34°-0.078 110-23 0.23-11 1.1(-2) 4.4-3) 6a
D/G=0.003......... 27-260 9000°-5600 0.0018°-0.039 0.37°-0.077 110-23 0.23-10 1.0(=2) -1.1(=-3) 6a
Z=D/G=30...... 900-2300 8600 —5000 0.095-0.41 0.036-0.011 340-52 2.6-40 1.8(—3) 9.2(—49) 6b
Z=D/G=03...... 1300-6500 8500 —5400 0.14-1.1 0.047-0.012 150-31 7.6-190 1.1(=3) -1.1(—4) 6b
Z=D/G=0.1...... 1800-1.3(4) 8400 —5900 0.19-1.9 0.042-0.011 150-26 11460 .~ 1.2(—3) -50(—5) 6b
Z =D/G =0.03 3400-3.0(4) 8200 —6400 0.37-4.2 0.031-0.0084 130-24¢ 25-1200° 8.7(—4) -3.5(—5)° 6b
Z=D/G=001.............. 7200-7.1(4) 7900 -5700 0.81-11 0.022-0.0052 100-20° 65-3300° 5.3(—4) -3.2(=5)¢ 6b
ISRF x 0.3F ........ccevnenes 390-1900 9000 -5100 0.039-0.34 0.070-0.015 150-32 2.4-54 1.4(—3) -3.1(—4) 7
ISRF x 0.5F .................. 580-2500 8800 —5600 0.058-0.41 0.059-0.015 180-35 2.9-65 1.4(—3) -3.2(—4) 7
ISRF x 3 ..., 2300-6300 8400 -5300 0.25-1.1 0.031-0.010 220-54 9.2-110 9.9(—4) -3.3(—4) 7
ISRF x 10f ......cccevnenen, 5400-1.2(4) 8000 —4500 0.60-2.4 0.021-0.0073 300-82 17-140 9.5(—4) -3.3(—4) 7
ISRF x 10%f ................. 2.6(4)-3.6(4) 5700 -2900 4.2-11 0.034-0.0037 530-200 44-170 9.9(—4) -4.1(—4) 7
MOgEN, =10 cm™2...... 1330-6100 8900 -6100 0.13-0.89 0.070-0.018 180-33 6.3-170 1.6(—3) -3.1(—4) ..
MOSEN, =10 cm™2...... 850-2600 8500 -4700 0.086-0.50 0.038-0.0093 220-48 3.5-49 1.1(—3) -3.2(—4) ...h
MOgN,=10*°cm™2...... 610-1500 8100 —4900 0.067-0.28 0.028-0.0093 240-65 2.4-20 9.4(—4) -3.3(—4) b
X,=01 990'-3100 8300 —4600 0.10"-0.60 0.045-0.012 210-43 4,265 1.3(=3) -3.3(—4) 8
X,=10...... 1000'-3800' 8800 —5700 0.10"-0.60 0.046-0.012 220-50 4.21-69 1.3(—3) -3.2(—49) 8
X, =107 1500'-4200 8700 —5200 0.13-0.73 0.040-0.011 320-120 4.2-32 1.4(—3) -3.8(—4) 8
X, =10° 34006200 8200 -5200 0.373-1.19 0.019-0.0076 720-230 42125 1.7(—3) 4.4—49) 8

* Modified parameter. All additional parameters held fixed at their standard values.

b Standard model parameters: N, = 10'® cm™2; o/ =3 x 107%; o/, = 4.6 x 10™%; G, = 1.7; Garmire et al. (1992) soft X-ray spectrum; D/G =1; Z = 1;
X, = 1;see also Tables 1 and 2.

¢ Physical conditions for standard model at typical pressure P/k = 2300 (K cm™~3): WNM T = 8000 K, n =026 cm~3,n/n=25x 1072; CNM T = 53 K,
n=4lcm 3 n/n=34x 1073

4 The notation a(—b) meansa x 107°.

¢ Estimated from Fig. 6.

f FUV field strength in units of interstellar radiation field.

8 Soft X-ray spectrum calculated from McKee & Ostriker 1977 parameters.

b Pressure curve not shown.

i Pressure scaled by X, ; P/kX .

3 Density scaled by X ; n/X,.

3

Cooling by C 11 then results in a rapid drop in gas temperature in temperature (e dependence), and second, near n 2 3 cm™ >,

and an unstable region in the phase diagram. As the tem-
perature drops below the energy spacing of the C 11 (158 um)
transition (AE/k = 92 K), the temperature decline becomes
more gradual, thereby leading to a rise in pressure in the stable
CNM region.

The dependence of the photoelectric heating per hydrogen I
on n is somewhat complex. We note that as n, increases (with
increasing n; Fig. 3c) photoelectric heating rises due to the
decreased charge of the grains and PAHs (Figs. 1 and 3d). At
values of G, T/?/n, < 5000 K'/?> cm?3, the grains are mainly
neutral, and heating reaches the maximum efficiency so that I
becomes only weakly dependent on density. In addition, the
temperature dependence of € introduces an indirect density
dependence as well. Thus, the combined dependence on density
flattens from I’ oc n%* at low density (n $0.1 cm™3) to
I" oc n°! at higher density (n = 10 cm ™), as shown in Figure
3b. For our standard model (Fig. 3), the density dependence of
T is seen to change, first, near n ~ 1 cm~3, due to a rapid drop

where the value of G, T'/?/n, drops below 5000 K*/2 cm3. As a .
result of this reduced heating, the C 11 cooling dominates over

Lya and recombinations at a lower value of n than would

otherwise be the case if the heating continued to rise with a 0.4

power of density. Hence, the thermal instability results from

the temperature and density dependence of the cooling, espe-

cially the C 11 cooling. However, the density at which the insta-

bility is initiated is influenced by the temperature and density

dependence of heating.

We have tested the effects of hydrodynamic wave heating by
including the heating rate from Ferriére et al. (1988). Using our
calculated ion abundances for the ion-neutral collision rate, we
find that wave heating increases the pressure by only ~5% at
Pmax'

A basic assumption of our treatment is that the gas is in
thermal and ionization balance. In reality, the ISM is highly
time dependent; for example, the three-phase model of the
ISM predicts that the typical time interval between significant
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pressure fluctuations is about 4 x 10° yr (MO). These pressure
fluctuations are transmitted directly to clouds sufficiently small
that this time exceeds the sound crossing time (radii less than
about 4 pc for warm clouds, or 0.4 pc for cold clouds); larger
clouds tend to average these fluctuations out. For a gas in
thermal balance, the thermal timescale is equal to both the
heating time and the cooling time. Under isobaric conditions,
the former is

(/211 + x kT
heat — T

— 12 x 105< T )(10_26 ergss ' H™!

100 K r ) yr, (10

provided the ionization x, = n./n is negligible. Our results (see
§ 4) show that the heating rate per hydrogen is typically
T~6x10"ergss™* H™! in the CNM and 2 x 10726 ergs
s"! H™! in the WNM. As a result, the thermal timescale in the
CNM is quite short, ~2 x 10* yr, and the assumption that the
gas is in thermal balance is quite good for this phase. However,
for the warm gas the thermal timescale is about 100 times
longer, and as a result the WNM is not necessarily in thermal
balance. Consideration of the ionization and recombination
timescales leads to the same conclusion: the CNM is generally
in ionization balance, whereas the WNM may not be. None-
theless, an analysis of two-phase equilibria remains valuable
because, for pressures at which a WNM equilibrium exists, the
conditions in the WNM will inevitably evolve toward the equi-
librium; the equilibrium conditions thus represent an average
of the conditions to be expected in the actual WNM.

Finally, we note that the thermal instability can also be
analyzed using the criteria developed by Field (1965). We have
carried out this analysis and confirmed that the combined
heating and cooling processes satisfy the Field instability cri-
terion for isobaric perturbations.

3.2. Dependence on Column Density

As seen in Figure 2, the heating and ionization due to soft
X-rays is sensitive to the absorbing column, N,,. In this sub-
section we demonstrate the effects of different values of N,
Figure 4 shows the variation in the pressure curve with N,, =
108 cm~2,10° cm =2, and 102°cm ™2 At N, = 10'8 cm ™2 the
peak pressure is higher than for the N,, = 10'® cm 2 case. The
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FiG. 4—Thermal pressure P/k for various absorbing columns N . Curves
- are shown for P/k vs. hydrogen density n for N,, = 10'® cm™~2 (dash), N,, =
10'° cm ™2 (solid), and N, = 102° cm ™2 (dash-dot).
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enhanced ionization of H and He by X-rays increases the elec-
tron density in the gas which leads to more efficient photoelec-
tric heating from grains. In addition, the X-rays contribute as
much as ~30% to the total heating at the peak pressure. The
ionization and heating due to soft X-rays are close to their
maximum values for N,, = 10'® cm ™2 (Fig. 2), so that pressure
curves are unchanged for N, < 108 cm 2.

For N,, = 102° cm ™2, both P™" and P™** drop below their
values for N, =10'° cm~2 due to the diminished X-ray
heating and ionization. A critical rate of ionization is set by the
cosmic-ray ionization rate. When the ionization rate by soft
X-rays is much less than £, then the electron fraction (and the
rate of photoelectric heating) is set by cosmic-ray ionization.
We find that for N, = 3 x 10'° cm ™2, the X-ray ionization
rate is less than half of the cosmic-ray ionization rate; as a
result the photoelectric heating is only ~10% higher than the
level set by cosmic-ray ionization acting alone. At larger
columns, the pressure curves remain unchanged until dust
extinction reduces the FUV field, at N,, = 102! cm~2. The
allowed range in pressure for each column along with the
range in n and T are summarized in Table 3.

We also show in Figure 3¢ the electron fraction, n,/n versus
density for the absorption columns N, = 10!'% cm~2, 10'°
cm~2, and 10%° cm™2. At the lowest columns, and at low
density, ionization is dominated by soft X-rays, with &xg ~
50&c - As the density increases, radiative recombination and
ion recombination on grains results in a lower electron frac-
tion. At the highest densities the electron fraction approaches
the limit set by FUV ionization of C (n/n~ 3 x 1074). In
contrast, at the highest columns, and lowest densities, ioniza-
tion is dominated by cosmic rays with g ~ 10&xg, and with
n./n similarly approaching the FUV limit at high densities.

3.3. Dependence on Gas Phase Abundances

We have adopted nearly undepleted gas-phase abundances
of C and O. In this subsection we illustrate the effects of higher
depletions, and a larger elemental O abundance. Figure 5
shows the variation in pressure with gas-phase C and O abun-
dances of (Zc=3.0x 1075, ofo=4.6x 1074, (Lc=15
x 1074 o5 =4.6 x 1074, and (Lo =15 x 107, oo =3.0
x 10™4); the first two sets represent a decrease in the gas-phase
carbon abundance by factors of 10 and 2, and the third set
represents a decrease of carbon by 2 and oxygen by 1.5. The
P/k curves, along with P™i"/k and P™**/k, rise with decreasing
abundances. The effect is largest at the high densities, where
cooling is dominated by fine-structure line emission. We note
that for the case of high C depletion the two phase medium is
still possible, but in a very restricted range of pressures. In this
case, oxygen dominates the cooling and is responsible for the
region of thermal instability. Also shown in Figure 5 is the
effect of increasing the oxygen abundance to a value of &/ =
7.9 x 107* (Walter et al. 1992), which is nearly solar abun-
dance. The increased fine-structure line cooling from O 1 (63
um) lowers the pressure curve slightly between n ~ 0.3 and
~10 cm ~3 (see summary of P™*, P™i" pn_and T in Table 3).

3.4. Dependence on Metallicity

In the previous subsection we discussed the variation in the
gas-phase abundance of C and O. Here we illustrate the effects
of varying the dust-to-gas ratio D/G (dust abundance), and the
metallicity, Z (elemental abundances). We normalize so that
D/G =1 and Z =1 correspond to our standard model. We
assume that a drop in metallicity results in decreased abun-
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dances of all elements (with the exception of H and He), and ™ 3 ]
grains by the same fraction (i.e., Z = D/G). A reduction in Z, as = C ]
may occur within the Galaxy with distance from the center and w0 -
with height above the plane, causes a drop in the grain photo- o 2r Z=D0/G ]
electric heating and gas cooling, and at large values of N, = C .
10'° cm ™2, can also lead to decreased ionization and heating T T T
by soft X-rays. The grain abundance can be further reduced by 1_2 1 o 1 > 3

grain destruction, for example in interstellar shocks of speed
v, 2 100 km s ~*, with only a minor enhancement in gas phase
abundances of C and O (Jones et al. 1994). In this case D/G <
Z, and a reduction in D/G directly reduces the photoelectric
heating rate.

Figure 6a shows a phase diagram for decreasing dust abun-
dances while holding the gas-phase metal abundances fixed.
Curves are shown for a range of dust-to-gas ratios spanning
D/G =3 to D/G = 0.003 times the BT abundance. As photo-
electric heating diminishes, X-ray heating becomes more
important. The pressure curves are unchanged for D/G < 0.01,
where the X-ray and cosmic-ray heating dominates and photo-
electric heating is of negligible importance. At these low values
of D/G, two phases are possible for 25 K cm ™3 < P/k <250 K
cm 3. For D/G = 3, the rise in heating due to an increased
grain abundance is partially offset by a drop in heating effi-
ciency resulting from ion recombinations on grains which
lowers n,.

Figure 6b shows a phase diagram for simultaneously varying
the dust abundance and metallicity (with Z = D/G). Here a
drop in photoelectric heating is initially offset by a lower abun-
dance of gas coolants. However, as photoelectric heating drops
below X-ray heating, the diminished cooling results in higher
temperatures and pressures. For Z = D/G 2 1, ion recombi-
nations on grains lowers n, leading to a drop in the heating
efficiency and a reduction in pressure.

3.5. Dependence on FUV Field

Figure 7 shows the variation in pressure with FUYV radiation
field, spanning a range between 0.3 times the interstellar field
(Go = 0.51) to 103 times the interstellar field (G, = 1.7 x 10%);
see also Table 3. The FUYV field strength will increase indepen-
dently of the cosmic-ray flux or soft X-ray flux in regions close
to OB associations. For example, the field illuminating the
reflection nebula NGC 7023 is estimated to be G, ~ 3 x 103
(Chokshi et al. 1988).

log n (cm™)

F1G. 6.—Thermal pressure P/k of various dust-to-gas ratios, D/G, and
metallicities Z. Curves are shown for P/k vs. hydrogen density n for a range of
D/G and Z relative to local interstellar values. (@) Variable D/G with fixed
Z = 1.(b) Variable D/G and Z with Z = D/G.

At low values of G, (0.3 < G, < 3), the temperature of the
WNM is determined by the balance between photoelectric
heating in the high-temperature limit G, T'?/n,> 5 x 103
K'2 ¢cm?3, and gas radiative cooling (atomic resonance and
metastable transitions), while for the CNM the temperature is
determined by the balance between photoelectric heating in
the low-temperature limit G, T"2/n, < 5 x 10> K*/2 cm® and
C 1 fine-structure cooling. The emerging dominance (with
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F1G. 7—Thermal pressure P/k for various FUYV field strengths. Curves are
shown for P/k vs. hydrogen density n for an absorbing column of N,, = 10'°
cm~ 2 and a Draine (1978) interstellar FUV radiation field, (ISRF ; correspond-
ing to G, = 1.7) x 0.3 (dash-dot), x 0.5 (dash), x 1 (solid), x 3 (long dash-dot),
x 10 (dot), x 10? (short dash-long dash), and x 10° (long dash).
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increasing n) of the fine-structure line cooling over the reso-
nance and metastable transitions causes the temperature to
decline at P™**. As G, rises, P™** occurs at increasingly higher
densities. This is because the photoelectric heating rises with
G,, and thus higher densities are required for C 11 to dominate
the cooling.

At higher FUV field strength (G, > 3) the effects of grain
recombination cooling and O 1 fine-structure cooling become
important. For G, T*?/n, > 5 x 10> K'2 cm? the gas tem-
perature is determined by the balance between photoelectric
heating and grain recombination cooling

n, 102 0.086
T~ 8000[(1—()___2—(3“-{?3)(6(:)] K. (11)

Since in this limit the temperature is nearly independent of
density (with n, oc n'/?> we have T oc n®°%), the pressure curve

. rises nearly linearly with n, along a line of constant tem-
perature. As G, rises, grain charging leads to enhanced recom-
bination cooling and slightly lower gas temperatures and
pressures. Similar to the low-G, case, the thermal instability
occurs at the density at which the strong line cooling (O 1 and
C 1) dominates recombination cooling which causes the tem-
perature to rapidly fall.

Since photoelectric heating and recombination cooling are
both fairly insensitive to the gas temperature, uncertainties in
the total heating or cooling rate can have large effects on the
calculated temperature in the limit where equation (11) applies.
We note that for the average ISM (G, ~ 1) at low density
(n $ 0.1 cm™3), radiative cooling by Lya always dominates
over recombination cooling. Therefore, the temperature enters
exponentially in the cooling rate, and hence the calculated
temperature is much less sensitive to these uncertainties.

As seen in Figure 7, for G, < 102, P™® and P™** both rise
with G, due to the enhanced photoelectric heating (see also
Table 3). However, P™" rises faster than P™, so that for G, >
10? only one stable phase is possible at a single pressure. The
rapid rise in P™" is the result of the temperature dependence of
the fine-structure line cooling. In particular, the O 1 (63 um)
cooling, which becomes increasingly important in the high G,
models, has a strong temperature dependence in both the colli-
sion rate coefficient and Boltzmann factor. As was seen in § 3.3,
this temperature dependence reduces the difference between
Pm™i® and P™** In addition, P™** is suppressed owing to the
increased effect of recombination cooling. The combination of
these two effects eliminate the unstable region for G, > 102.

We note that the low C abundance model presented in § 3.3
(Go = 1.7, oc = 3.0 x 1075) shows a weak two-phase struc-
ture even with the cooling at P™** dominated by O 1 (63 um)
emission. In that case, however, the temperature at low den-
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sities was not reduced by strong recombination cooling, and
the temperature drop due to O 1 alone was sufficient to create
an unstable region.

3.6. Dependence on X-Ray Radiation Field

In previous sections we have used a soft X-ray radiation field
based on the three-component fit to the observed (local) spec-
trum by Garmire et al. (1992). The observed spectrum may be
unusual since the Sun lies inside a large ~ 100 pc “bubble ” of
hot gas. Here we compare model results in which we replace
the local component (emission part 1 discussed in § 2.2.3) with
a theoretically derived spectrum while retaining emission com-
ponents 2 and 3. The spectrum is calculated using the prescrip-
tion given in MO for the intensity from a smooth distribution
of emitting gas and a clumpy distribution of absorbing clouds.
This may represent a field more typical of that seen from an
average location in the Galactic plane.

We find that at energies less than ~0.1 keV, the flux drops
below that of the local component of Garmire et al. (1992) due
to the large opacity at these energies and the relatively short
mean free path between cloud envelopes. (We note that the
Garmire et al. [1992] fits use data from energies greater than
0.1 keV.) As a result, the peak pressure for N, = 10'® cm~2 is
~40% less than for the Garmire et al. (1992) spectrum. At
columns N, 2 2 x 10'° cm ™2 the two radiation fields produce
similar curves since the ionization and heating becomes domi-
nated by the halo and extragalactic components.

4. DISCUSSION

4.1. Comparison with Previous Work

We compare, in Table 4, the results of our standard model
(§ 3.1) with those of several previous investigators. Listed are
the minimum and maximum pressures for a two-phase
medium, along with the corresponding range in temperatures
and densities for the WNM and CNM phases. Models that rely
predominantly on cosmic-ray heating (Field et al. 1969),
hydrodynamic wave heating (Ferriére et al. 1988), or photo-
electric heating from large grains (Draine 1978; Shull &
Woods 1985), all produce low (<2200 K cm ~ %) peak pressures.
The semi-empirical de Jong (1977, 1980) photoelectric heating
model shows pressures and densities similar to our standard
case. The Verstraete et al. (1990) models, which also include the
photoelectric heating from PAHs, produce peak pressures
somewhat higher than our results.

The Verstraete et al. (1990) models differ in several key
aspects from our calculations. Verstraete et al. (1990) carried
out their analysis with essentially a sinile sized (planar) particle
consisting of 80 carbon atoms (~8 A in radius). This PAH
could either be neutral, in which case it contributes to the

TABLE 4
COMPARISON WITH PREVIOUS WORK

WNM CNM
Pmink — pmex/k T n T n

REFERENCE (K em™3) (K) (cm™3) (K) (cm™3)
This work .................. 990-3600 8700-5500 0.10-0.59 210-41 4.2-80
de Jong 1980............... 2900-5000 70004600 0.38-1.0 240-69 11-66
Ferriére et al. 1988 ........ 130-2200 20000-8000 0.0057-0.25 98-20 1.2-60
Field et al. 1969 ........... 90-1800 10000-7500 0.0082-0.22 82-17 1.0-100
Shull & Woods 1985...... 70-260 7200-3800 0.0089-0.063 290-87 0.22-2.7
Verstraete et al. 1990...... 3700-7400 6400—4000 0.52-1.7 150-45 23-150
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heating, or singly ionized, in which case it does not contribute
to the heating since they assumed the second ionization poten-
tial to be 213.6 eV. The total PAH abundance was found by
assuming that PAHs of this size account for 10% of the cosmic
carbon abundance. In contrast, BT included a size distribution
of particles with a calculation of the charge distribution for
each size. Half of the photoelectric heating arises from grains
smaller than N ~ 1500 carbon atoms (grain radius a ~ 15 A)
containing ~4% of the cosmic carbon abundance. The
remaininlf heating is produced by larger (Nc ~ 1500-5 x 10°,
a ~ 100 A), more highly charged grains.

There are also significant differences in the fine-structure line
cooling. Verstraete et al. (1990) use gas-phase C and O abun-
dances that are ~30% lower than those used in our standard
model. In addition they use a collision strength for e impacts
on C 11 which is up to a factor of ~2 lower than used here.
Together these differences in the heating and cooling processes
tend to drive temperatures upward in the Verstraete et al.
(1990) models.

4.2. Application to Local ISM

Our local ISM models listed in Table 3 (G, = 1.7, standard
abundances, and 10'° cm ™2 < N, < 102° cm ™ 2) show a range
of possible pressures (610 K cm ™3 < P/k < 3600 K cm ™ 3) for a
two-phase equilibrium corresponding to a range of tem-
peratures (40 K < T < 240 K) for the CNM and (4900 K <
T < 8700 K) for the WNM. Kulkarni & Heiles (1987) reviewed
the available temperature data for these phases. They tenta-
tively conclude that the WNM temperature lies in the range
6000 K < T < 10* K based on the 21 cm line width (Mebold
1972), and optical depth (e.g., Mebold et al. 1982; Payne, Sal-
peter, & Terzian 1983), and the UV absorption measurements
of various ions (e.g., York & Frisch 1984). The 21 cm absorp-
tion measurements in the CNM indicate temperatures ranging
from ~20 to ~250 K over column densities of ~2 x 102°-
3 x 10'° cm ™~ 2 (Payne et al. 1983). We conclude that our calcu-
lations agree well with the observations, although we do not
produce a simple T — relation in the CNM as observed by
Lazareff (1975) and Payne et al. (1983). There is some indica-
tion that the CNM temperatures derived from observations
increases with decreasing 21 cm optical depth. In contrast, our
calculated temperatures are independent of optical depth
except in a very narrow range of pressures near P™" (see Fig. 4
and Table 3). Further observational and theoretical investiga-
tion of this relation is warranted.

The calculated pressures for a two-phase medium agree with
those observed by Jenkins et al. (1983). We note that our value
of P™i» drops below 1000 K cm ~3 for FUYV field strengths less
than the average interstellar field. In particular, for a field
strength equal to one-half the interstellar average (G, = 0.85),
we find P™"/k ~ 580 K cm 3. Thus, the small fraction of gas
observed at pressures less than 1000 K ¢cm ~3 could correspond
to clouds illuminated by an FUYV field slightly lower than the
average value.

The heating in the local diffuse interstellar medium has been
derived by Pottasch et al. (1979) and by Gry, Lequeux, &
Boulanger (1992) from observations of the UV line absorption
of C* in the ?P;;, level and the hydrogen column density.
These observations yield the average cooling rate in the
2Py, = 2Py, transition per hydrogen nucleus. If C 11 domi-
nates the cooling, as it does in the CNM, and if thermal equi-
librium holds, this measurement gives an estimate of the energy
input. Pottasch et al. (1979) concluded that the heating rate
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was remarkably constant over a range of cloud conditions with
an average value of ~1072% ergs s"! H™! (i.e.,, per hydrogen
nucleus). Gry et al. (1992) found a wider range in values with an
average (~3.5%3% x 10725 ergs s~' H™!), somewhat lower
than that of Pottasch et al. (1979). However, the cooling rates
found by Pottasch et al. (1979) are probably biased toward
high values, since at least some of the clouds in their sample are
illuminated by FUV radiation fields greater than the inter-
stellar average. For example, van Dishoeck & Black (1986)
determined that an incident FUV field strength of G, =~ 5 is
appropriate for the line of sight toward { Oph. Our models
then predict a photoelectric heating rate of ~2 x 10725 ergs
s ' H™! (egs. [1]-[2]), which compares well with the observed
value of 1.0 x 10725 ergs s~ ! H™! from Pottasch et al. (1979).
Furthermore, the Gry et al. (1992) observations are necessarily
biased toward low column densities where the UV absorption
is not saturated. Consequently, their lowest cooling rates
appear to be lines of sight in which the column is mostly
WNM, which we find to have a C 1 cooling rate which is
nearly a factor of ~10 lower than the CNM. Our standard
model shows a nearly constant rate of ~6.2 x 10726 ergs s~ !
H™! for the CNM and ~6.2 x 10727 ergs s™! H™! for the
WNM. We conclude that our calculated cooling rates are con-
sistent with the observed rates when we account for the high-
FUV fields associated with the Pottasch et al. (1979)
observations and the low column densities inherent in the Gry
et al. (1992) observations.

We list in Table S the calculated cooling rates per hydrogen
nucleus for C 11 in the CNM and WNM, and for O 1 fine-
structure emission, grain recombination, and Lyx plus meta-
stable transitions, in the WNM (the latter cooling processes
are expected to be of minor importance in the CNM for G, <
3). We also include in Table 5 the expected C 11 cooling in the
WIM from Appendix B. At a pressure of P/k = 3000 K cm 3
and the interstellar radiation field (G, = 1.7), the ratio of emis-
sivitics per hydrogen nucleus are nASIM:nAYM:nAYM:
nAYM: nANYIM: pANVIM = 1.0:1.3:0.10:0.10:0.13:0.071,  with
nASM = 6.2 x 10-%6 ergs s~ ' H™!. We have also .ovided in
Appendix B an analytic expression for nA;; as a function of
Nyo, N, and T.

One need be extremely cautious about applying these local
results to the Galaxy as a whole. However, if the local condi-
tions represent a Galactic average, then a mass of 2.5 x 10°
Mg in CNM, would yield a total luminosity in the C 11 (158
um) line comparable to the 5 x 107 L, observed by COBE
(Wright et al. 1991); we note that Kulkarni & Heiles (1987) cite
a total H 1 mass (CNM + WNM) for the Galaxy of 3.5 x 10°
M ;. Since there is much less mass in WIM than CNM, the C 11
luminosity from WIM is less significant. We shall examine the
dependence of our results on galactocentric radius in a future
paper.

As seen in Figure 3, temperatures are much higher in the
WNM phase than in the CNM phase, although the energy
input into the WNM, I' ~ 2.5 x 10726 ergs s ™! H™!, is less
than that in the CNM, I' = 6.2 x 10726 ergs s~ * H™!. Lower
electron densities in the WNM lead to grain charging and less
efficient photoelectric heating. However, the lower densities in
the WNM also lead to less cooling and thus elevated tem-
peratures ~ 5500-8600 K (Table 3). We find that in the WNM
phase, the cooling by the C 11 (158 um) line is comparable to the
cooling in the Lya and O 1 (63 um) transitions and to the
cooling by electron recombinations onto positively charged
grains (Fig. 3b and Table 5). Thus a measure of the C 1 line
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TABLE 5
COOLING RATES PER HYDROGEN NUCLEUS®

Go® (Pl log,o N,*  nAGY'  nAZR'®  nAZM  nASYM nAM nALM
51....... 4000 19 11 10.8 0.80 0.81 L5 0.75
1.7....... 3000 19 6.2 8.1 0.62 0.64 0.78 0.44
17....... 2000 19 5.1 54 0.46 0.41 0.79 0.66
L7....... 1000 19 28 2.7 0.31 0.21 0.71 0.78
0.85...... 2000 19 35 54 0.44 0.41 0.53 0.41
085...... 1000 19 2.7 2.7 0.29 0.21 0.50 0.63
0.51...... 1000 19 2.1 2.7 0.29 0.22 0.39 0.49
1.7....... 4000 18 79 10.8 1.5 0.86 19 33
1L7....... 3000 18 7.4 8.1 1.3 0.64 1.8 3.6
L7....... 2000 18 6.8 54 1.0 0.44 1.7 39
085...... 3000 18 4.8 8.1 1.3 0.65 13 2.7
085...... 2000 18 4.6 54 0.98 0.43 1.2 3.1
085...... 1000 18 43 2.7 0.64 0.23 1.0 35
1.7....... 1000 20 30 2.7 0.21 0.22 0.40 0.17

2 Calculated cooling rate in units 10726 ergs s

H~! for C u 158 um, O 1 63 um, electron recombi-

nation onto positively charged grains, and Lya plus metastable transitions.
® FUV field strength G, in units of Habing (1968) field. A Draine 1978 interstellar field corresponds to

Go=17.

¢ Thermal pressure of interstellar medium in units K cm~>.

4 Absorbing column N, in units cm ™2

3

¢ Cu cooling in the WIM is calculated from eq. (B6).

intensity underestimates the total heating in the WNM by a
factor of ~3-4.

Several recent observations have been conducted of the C 1
cooling rate at high Galactic latitude. Bock et al. (1993) mea-
sured directly the C 11 (158 um) line emission along several
lines of sight. They estimate the cooling rate to be between 1.2
and 33 x 1072% ergs s™! (Hi-atom)™! (ie, per neutral
hydrogen), with a best-fit value of 2.6 + 0.6 x 1072° ergs s !
(H 1-atom)~!. Savage et al. (1993) report HST observations
toward 3C 273 of the UV absorption from C* 2P;,. Using the
observed column of S 11 to find the total column of hydrogen,
Savage et al. (1993) find a cooling rate ~1.4 x 107 2% ergs s~ !
H™!. In addition, Spitzer & Fitzpatrick (1993) present HST
observations toward the high-latitude star HD 93521. They
distinguish nine components along the line of sight, and
provide the columns of C* 2P, , and S* for each. From their
data we derive a C 1 cooling of ~3.8-4.6 x 1072% ergs s~ 1
H™! in the four lowest velocity components (heliocentric
v > —18.2 km s !). The cooling in the higher velocity (and
presumably more distant) components are all somewhat lower
and span a range of values (0.58-2.0 x 10726 ergs s™* H™1),
with an average value of ~1.2 x 10726 ergs s™! H™!. Thus,
the cooling rates measured at high Galactic latitude are quite a
bit lower than the average values found by Pottasch et al.
(1979) and Gry et al. (1992) for the cooling along nearby lines
of sight in the Galactic plane. However, observations at high
latitude are expected to sample lower values of G,, lower
thermal pressures, and, due to the local bubble, lower columns
of CNM than for lines of sight in the plane. We thus expect a
lower cooling rate from C 1 in these directions. This is consis-
tent with the conclusions of Savage et al. (1993) that the line of
sight toward 3C 273 samples mainly the low-density gas, based
on the observed low average density (~0.05 cm ™3 to a height
of 1 kpc), and the modest depletions of Mn, Si, and Ni.

We can calculate the expected C 1 cooling rate for a line
of sight passing through the halo. The average columns of
CNM and WNM are estimated from the observations of
Kulkarni & Fich (1985) toward the North Galactic Pole:
N(H® =~ 1.54 x 102° csc |b| cm~2 and N°™M ~ .39 x 102°

csc | b| cm ™2 The neutral hydrogen that is not cold is presum-
ably in the WNM, but a portion is in the WIM. For an elec-
tron column density N, = 7 x 10'° csc |b| cm ™2 (Reynolds
1991a), and an ionization of 0.85 (Mathis 1986), the total
column density of the WIM is NWM = 0.82 x 102° csc |b|
cm ™2, Subtracting the neutral component of the WIM from
N(H®) leaves a column density NW™ = 1,03 x 102° csc |b|
cm™2 in the WNM. These column densities can be combined
with the emissivities from Table 5 to yield the average C 1
cooling per hydrogen nucleus along a line of sight:

NOMEAGH + NYMAKY + NV
NCNM + NWNM + NWIM ‘

nAcy) =

(12)

The C 11 cooling per neutral H® is a factor of ~ 1.4 higher.
Thus, for G, = 0.85 (0.5 times the disk value, allowing for the
reduced solid angle for FUYV irradiation) and for P/k ~ 2000 K
cm ™3 as estimated for a line of sight through the Galactic halo
(Appendix B), we predict (nAcy) ~ 2.8 x 10726 ergss 1 H™ 1,
The fraction of the total C 11 line intensity from each phase
along a line of sight through the halo is then f"M ~ 0.22,
SV % 0.07, f¥™ x 0.71. We emphasize that the dominance
of the WIM in the halo is directly caused by the large ratio of
NWIM/NCNM and is not the case for the Galaxy as a whole.
Using this model, our calculated values are within a factor of
1.5 (higher) of the Bock et al. (1993) observations and within a
factor of 2 (higher) of the Savage et al. (1993) observations.
There are several possible means of accounting for these dis-
crepancies. Perhaps the most likely is that our estimates are
based on observations which average over the entire sky at
b > 45°, whereas the observations of Bock et al. (1993) and
Savage et al. (1993) refer to particular lines of sight. There are
large fluctuations in the WIM; for example, the Ho intensity
toward the H 1 hole in Ursa Major—part of the field studied by
Bock et al. (1993)—is less than 20% of the value expected from
Reynolds’s (1992) global fit (Jahoda, Lockman, & McCammon
1990). Alternatively, the depletion of carbon could be greater
than we have assumed; reducing the gas-phase carbon abun-
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dance by a factor of 2 brings the C 11 cooling rate within a few
percent of the Savage et al. (1993) observations. Finally, if the
temperature (and hence the pressure) of the WIM is less than
we have assumed, then the predicted C 1 cooling rate is
reduced: at a temperature of 5000 K, the pressure in the WIM
is somewhat less than 1000 K cm 3 (see Appendix B) and the
predicted cooling rate is 2.2 x 1072° ergs s™! H™! (for our
standard carbon abundance).

In this section we have compared our theoretical results with
observations of the local ISM in the plane and toward high
Galactic latitude. We find that the standard model matches
reasonably well the range of temperatures of the diffuse ISM
derived from 21 cm observations, the pressures determined
from C1absorption, and the cooling rates determined from C i1
emission. However, the model predictions differ from obser-
vations along particular lines of sight, especially at high lati-
tude, by up to a factor of 2, which we ascribe to variations in
local conditions, such as the incident FUV field, pressure, ele-
mental depletion, and the relative columns of WNM, WIM,
and CNM.

4.3. Application to Nonlocal ISM and Extragalactic Systems

The model results presented in § 3.1 use parameters appro-
priate for local Galactic conditions. Values for the FUV field
strength, G,, the soft X-ray flux, and the cosmic-ray ionization
rate, {cg, vary in more distant regions or in extragalactic
systems. These ionization and heating processes are all related
to a single source: the formation and subsequent supernova
explosions of massive stars. Therefore, G, the soft X-ray flux,
and £qg should globally scale together with the rate of massive
star formation or, equivalently, the supernova rate.

When cosmic-ray heating dominates, phase diagrams obey a
common scaling law when plotted as (P/k{) versus (n/{), where
{ is the cosmic-ray ionization rate (Dalgarno & McCray 1972).
In Figure 8 we show a phase diagram for P/kX, versus n/X,
where, X is the common multiplier for G,, £cg, and the soft
X-ray flux. A value of X, = 1 means that parameters take on
the values given by our standard model. Curves are shown for
X, = 0.1, 1, 10, 100, and 103. We see the scaling law is roughly
obeyed even for X, as high as 103. The increase in pressure at
high densities is due to the thermalization of the fine-structure
levels. Cooling then increases only linearly with density

5I[IIIIII

IllllII[IIIII.I,J‘;
.-"/'7‘

N\

llllllllllll'

'S
L B B B I R B

log P/kX, (K em™)
(X

T T
&
[
-
(]
i
'
'
'
'
'

|11

1IIllllIIIIIIIIIIIIIIIlII

-2 -1 0 1 2
log n/X, (cm™)
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plier for G, {cg, and the soft X-ray flux. Curves are shown for X, = 0.1 (long
dash-dot), X, = 1 (solid), X, = 10 (dash), X, = 10? (dash-dot), and X, = 103
(dot).
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(n*A ocn), and thermal equilibrium requires higher tem-
peratures. A result is that as X, increases, a two-phase medium
is possible over a narrower range in pressures (see Table 3).

These results coupled with the metallicity dependence results
of § 3.4 should be particularly significant for a theory of cloud
formation as a function of Galactic radius, and in our under-
standing of the multiphase structure of high-velocity clouds in
the Galactic halo. In addition, Figure 8 should be applicable to
starburst galaxies in which values of G, 2 10° have been
inferred from the fine-structure line emission (e.g., Wolfire,
Tielens, & Hollenbach 1990; Carral et al. 1994) and where the
supernova rates per unit volume are also ~ 103 times higher
than the local Galactic ISM. In this subsection (and in § 3) we
have illustrated the general trends in the pressure curve for
simultaneous enhancements in the cosmic-ray flux and radi-
ation field, and for lower metallicities. In a future paper we will
apply these results to distant regions of the Galaxy and to
extragalactic systems.

5. SUMMARY

We have calculated the thermal equilibrium gas temperature
and constructed phase diagrams for the diffuse neutral inter-
stellar medium. Our method uses results of BT to find the
photoelectric heating from small grains and PAHs. The
heating function accounts for the microphysics of particles
extending into the molecular domain including a charge dis-
tribution for each particle size. In addition, we have explicitly
included the heating and ionization due to the diffuse soft
X-ray background and due to cosmic rays.

We find that under standard local conditions, photoelectric
heating produces a stable two-phase medium with pressures in
the range P™**/k ~ 3600 K cm 3 to P™"/k ~ 990 K cm 3. The
thermal instability between phases results from C 11 cooling
which causes a rapid drop in temperature. For the parameter
set N, =10'° cm~2, G, = 1.7 (average interstellar radiation
field), o/ = 3.0 x 1074, and &/, = 4.6 x 10™*%, and at an equi-
librium pressure of P/k = 3000 K ¢cm 3, we find a WNM with
T ~7300K,n~040cm 3, and n,/n ~ 2 x 10~2, and a CNM
with T~45 K, n~60 cm~3, and n,/n~3 x 107* The
cooling by C 11 in each phase is given by nASTM ~ 6.2 x 10726
ergs s~ ! H™!, which accounts for ~100% of the cooling, and
nAIIM ~ 6.2 x 10727 ergs s™! H™!, which accounts for
~25% of the cooling. Between P™" and P™** the C 11 cooling
ranges between 2.6 and 6.6 x 10”26 ergs s™! H™ ! in the CNM
and 0.31-0.81 x 10726 ergs s~! H™ ! in the WNM. The calcu-
lated cooling rate for the CNM is in good agreement with
observations (Pottasch et al. 1979; Gry et al. 1992). We con-
clude also that estimates of the energy input into the WNM
based on C 11 alone can underestimate the total by a factor of
~3-4. These numbers for C 11 cooling in the disk can be recon-
ciled with somewhat lower average C 11 cooling observed along
lines of sight toward the Galactic halo (e.g., Bock et al. 1993;
Savage et al. 1993) if we account for the reduced FUV field
strength, lower pressures, and reduced columns of CNM
toward these directions.

We have calculated the dependence of the therma! equi-
librium results on the absorbing column density N, gas-phase
and dust abundances, FUYV field, and X-ray field. For N, <
10%! cm ™2, the dependence on N, is caused by the attenuation
of the diffuse X-ray flux. Increasing attenuation (increasing N,,)
lowers the electron fraction, thereby increasing the positive
grain charge and decreasing the grain photoelectric heating.
For N,, = 3 x 10'° cm ™2, the ionization by cosmic rays domi-
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nates and the results are relatively independent of N,, until
N,, 2 10?! cm 2, where dust attenuation of the FUV becomes
significant. For N,, < 3 x 10'° cm 2, the effect of the X-rays is
to increase the range of pressures where two phases are pos-
sible.

Decreasing the gas-phase abundances of the coolants C and
O raises the equilibrium gas temperatures and therefore raises
the pressures where two phases are possible. Decreasing the
dust abundance reduces the grain photoelectric heating and
lowers the equilibrium gas temperatures and pressures. For
dust abundances <$0.03 of the standard local interstellar
values, the X-ray and cosmic-ray heating dominates and two
phases are possible for 25 K cm™3 < P/k <250 K cm ™3,
Simultaneously decreasing the gas phase abundances of the
coolants and the grain abundance by the same factor (as may
occur in regions of low metallicity) results in a gradual increase
in the pressures necessary for two-phase equilibrium, as X-ray
" heating becomes dominant (and constant) while cooling
decreases.

The pressures necessary for two-phase equilibria rise as the
FUYV, X-ray, and cosmic-ray fluxes increase due to enhanced
heating of the gas. If these three fluxes scale together with the
common factor X,, where X, = 1 is the local interstellar value,
then the phase diagrams roughly obey a common scaling law
when plotted as P/X, versus n/X, for 0.1 < X, < 1000.
However, the thermalization of the fine-structure levels at high
density destroys the scaling with the result that as X, increases,
a two-phase medium is possible over a narrow range in pres-
sures. Likewise, if the FUV field rises alone, the pressures
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increase and the range of pressures necessary for two phases
decreases until for G, = 102 only one phase is stable. We have
only studied G, < 103, but for 10 < G, < 103, the WNM is
stable for P/k = 10° K cm ™3 and the CNM is stable for larger
pressures.

These results should be valuable in modeling the ISM in the
Milky Way as a function of both galactocentric radius and
height above the midplane. In addition, they will be useful in
studies of the ISM near regions of massive star formation, such
as in the nuclei of starburst galaxies. The most significant
aspect, however, is the demonstration that a realistic and
detailed model of grain photoelectric heating of the diffuse
local ISM results in two stable phases which match obser-
vations without recourse to additional heat inputs.
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APPENDIX A

IONIZATION AND HEATING BY SOFT X-RAYS

The functions ¢*(E, n,/n), and ¢"°(E, n,/n) give the number of secondary ionizations of hydrogen and helium produced per
primary electron. These functions depend on the primary electron energy E and electron fraction x, = n./n. We use the coefficients
listed in Table 2 of Shull & Van Steenberg (1985, hereafter SVS) to give the high-energy (E > 100 eV) dependence and fit their results

shown in their Figure 3 for lower energies. We have

#E,x) = (15— 1 Jout -

1000

E ) " for E>136eV, (A1)

with C = 0.3908, a = 0.4092, b = 1.7592, from SVS, along with our fitted value for ¢ = 2.313. This expression is usually good to
+20% for E > 13.6 eV and 3 x 10™* < x, < 0.1. However, for x, greater than 3 x 1072 and 28 eV < E < 50 eV the agreement
drops to within + 50% while for E < 28 eV and x, > 3 x 10~ 2 the function is good to within a factor of 2.

Assuming the energy dependence for He is similar to H we have

E E \°*e
He = = _ yay
¢"°(E, x,) <24.6 I)C(l x2) (100()) for E>246¢V, (A2)
with C = 0.0554, a = 0.4614, b = 1.6660 from SVS, along with our value for ¢ = 2.313 and similar error estimates as for H.

The function E,(E, n,/n) gives the heat deposited for each primary electron of energy E. We use the coefficients given in SVS and
Shull (1979) along with the functional form used by Binette, Dopita, & Tuohy (1985):

Eh(E’ ne/n) fZ(E) 1 :I— !
= = fi(x,) + +— A3
£ T e T T (43
where f,(x,) determines the dependence on electron fraction at high energy
filx) = CI[1 — (1 —x1, (A4)
with coefficients C = 0.9971, a = 0.2663, b = 1.3163 (SVS). The function f,(E) is given by
fo(E)=2E —136¢eV, (A5)
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and the function f,(x,) is a simple linear interpolation in log,, (x,) to the values listed in Shull (1979); £3(10™%) = 3.25, £3(1073) =
7.20,f3(1072) = 16.2, and f3(10~!) = 31.0. The expression (A3) is good to +20% for E 2 28eVand 3 x 10™* < x, < 0.1.

The ionization and heating rates due to the soft X-ray background are illustrated in Figure 2 as functions of the (neutral) column
N,, and ionization fraction in the gas, n,/n. The X-ray radiation field is determined using the fit by Garmire et al. (1992) to the
observed field. The calculations presented in this paper carry out the integrations of the X-ray radiation field over ¢*(E, n,/n),
¢Y(E, n,/n), and E,(E, n,/n) as indicated in equations (7) and (8). Here we provide simple analytic expressions for the resulting
ionization and heating rates as functions of p, = log,, (N,,/10'® cm~2), and p, = log,, (n./n). The ionization rate &y s~ is given
by

_ —041\?
10g10 (Exr) = fa(P2)N(—15.6 — 1.10p; + 9.13 x 1072p}) + f5(p,)0.87 exp [_<1>1()T> } , (A6)
where the functions f, and f; are given by
fa(py) = 1.06 + 4.08 x 107 2p, + 6.51 x 1073p3, (A7)
and
fs(p2) = 1.90 + 0.678p, + 0.113p2, (A8)

respectively. The fit for £xg is good to +40% for 18 < p; <2land —4 <p, < —1.
The heating rate I'yg ergs s~ ! is given by

—0.38)\2
logio (T'xr) =f6(P2)(—26.5 — 0.920p; + 5.89 x 10~ 2p?) + f¢(p,)0.96 exp [—(pl—og;/———> ] , (A9)

where the function f; is
Se(p2) = 0.990 — 2.74 x 107 3p, + 1.13 x 107 3p2 . . (A10)
The fit for I'xg is good to +40% for 18 < p; <2l and —4 < p, < —0.3.

APPENDIX B
C 1 COOLING

The cooling per hydrogen nucleus in the C 11 (158 um) transition, for n < n,, ~ 3 x 103 cm ™3, is given by
nAcy = 2.54 x 107 "o/ fouly™nyo + y°n.] exp (—92/T) ergs s H™ !, (B1)

where y"° and y* are the collisional de-excitation rate coefficients for collisions with neutral hydrogen and electrons, respectively,
and f¢ pp is the fraction of C in C*. We use the rates

P =886 x 1071 cm3 s, (B2)
and
p2=21x10""T;%%QT) cm3 s~ , (B3)
where T, = T/10" K and the collision strength (T) is given by
Q(T) = 1.80 + 0.484T, + 4.01T% — 3.39T3 (B4)

(see Table 1 for references).

The expression for the cooling rate simplifies in the WIM. Observations of diffuse ionized gas in the inner Galaxy indicate that the
temperature of the WIM is in the range 3000-8000 K (Anantharamaiah 1985). Theoretical models of the local WIM suggest
T ~ 7500 K (Mathis 1986), and we shall adopt this value for numerical estimates. Over the range 3000-8000 K, Q(T) ~ 3.27T2*2 to
within 1%, where T, = T/10* K. The C 11 cooling function in the WIM then becomes

_ e
3x 1074
If the WIM has a pressure P = (1.1 + x,)nkT, the C 11 cooling rate per hydrogen nucleus is

AZM =523 x 10_25< )fcn x,T;%® ergscm3s™ 1. (BS)

_ g4 X, fc _ _ _
WIM _ 26 C eJCII 1.18 1 1
nAly = 5.23 x 10 (P/k)3<3 » 10“4) T1+x, T, ergss " H™', (B6)
where (P/k); = (P/k)/(10° K cm ~3). For x, = 0.85, fc; = 0.85,and T, = 0.75, this yields nAYM = 2.7 x 10~ 2%(P/k),ergss ' H™ L.
For the particular case of a line of sight through the Galactic halo, the characteristic density in the WIM may be estimated from

the Ha observations, which give an emission measure EM = 3.3T3-°2 ¢csc | b| cm ™ pc (Reynolds 1992), where b is Galactic latitude,

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...443..152W

168 WOLFIRE ET AL.

and from observations of pulsar dispersion measures, which indicate N, = 7 x 10*® csc|b| cm ™2 (Reynolds 1991a):

<nZV]M >halo

_[n2dl
~ (n,dl

= 01457992 cm ™3 . (B7)

(The actual value of (n}Y™) could be 10%-20% larger than this if electrons in the hot ionized medium make a significant
contribution to the observed dispersion measures; Reynolds 1991b). This density corresponds to a halo pressure P/k = 1900 K
cm 3. Thus the cooling rate per hydrogen nucleus in the WIM along such a line of sight is

n"PAFM = 7.58 x 10‘2"(

B ,
—C ) feuTd ™ ergss ' H!. (B8)
3x 1074
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