Photodissociation regions in the interstellar medium of galaxies
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The interstellar medium of galaxies is the reservoir out of which stars are born and into which stars
inject newly created elements as they age. The physical properties of the interstellar medium are
governed in part by the radiation emitted by these stars. Far-ultraviolet (6 eV<hv<13.6 eV) photons
from massive stars dominate the heating and influence the chemistry of the neutral atomic gas and
much of the molecular gas in galaxies. Predominantly neutral regions of the interstellar medium in
which the heating and chemistry are regulated by far ultraviolet photons are termed Photo-
Dissociation Regions (PDRs). These regions are the origin of most of the non-stellar infrared (IR)
and the millimeter and submillimeter CO emission from galaxies. The importance of PDRs has
become increasingly apparent with advances in IR and submillimeter astronomy. The IR emission
from PDRs includes fine structure lines of C, C*, and O; rovibrational lines of H,; rotational lines of
CO; broad mid-IR features of polycyclic aromatic hydrocarbons; and a luminous underlying IR
continuum from interstellar dust. The transition of H to H, and C* to CO occurs within PDRs.
Comparison of observations with theoretical models of PDRs enables one to determine the density
and temperature structure, the elemental abundances, the level of ionization, and the radiation field.
PDR models have been applied to interstellar clouds near massive stars, planetary nebulae, red giant
outflows, photoevaporating planetary disks around newly formed stars, diffuse clouds, the neutral
intercloud medium, and molecular clouds in the interstellar radiation field—in summary, much of the
interstellar medium in galaxies. Theoretical PDR models explain the observed correlations of the
[CII] 158 pum with the CO J=1-0 emission, the CO J=1-0 luminosity with the interstellar molecular
mass, and the [CII] 158 um plus [OI] 63 um luminosity with the IR continuum luminosity. On a more
global scale, PDR models predict the existence of two stable neutral phases of the interstellar medium,
elucidate the formation and destruction of star-forming molecular clouds, and suggest
radiation-induced feedback mechanisms that may regulate star formation rates and the column
density of gas through giant molecular clouds. [S0034-6861(99)01001-6]
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I. INTRODUCTION

Galaxies are huge collections of stars, planets, unseen
“dark matter,” gas, and dust held together by mutual
gravitational attraction. The vast bulk of the volume of a
galaxy is filled with the interstellar medium (ISM), the
gas and dust which exist between the stars. However,
often the mass of a galaxy is found in the invisible dark
matter and the stars. The Milky Way Galaxy has about
8% 10° solar masses (M) of gas and dust, while it has
about 10'' M, of stars. Nevertheless, the main activity of
a spiral galaxy is the cyclic process in which stars eject
gas and dust into the ISM, while at the same time gas
and dust clouds in the ISM gravitationally collapse to
form stars. The ISM is the birthplace of the stars, but the
stars control the structure, and therefore star formation
rate, of the ISM. Several decades ago, the ISM was
thought of as a fairly quiescent place, with interstellar
clouds wafting along and gradually forming stars. How-
ever, after the discovery of a voluminous, hot (7
~10°K) intercloud medium, caused by enormous shock
waves from supernovae (exploding stars) propagating
through the ISM (Cox and Smith, 1974; Jenkins and
Meloy, 1974; York, 1974; Burstein et al., 1977), it was
clear the ISM was not as quiescent as previously be-
lieved. McKee and Ostriker (1977) formulated a theory
of the ISM in which supernova shocks played the domi-
nant role in determining the overall morphology of the
medium. McCray and Snow (1979) coined the phrase
“the violent ISM.” In the past decade, however, there
has been a reemphasis on the quiescent aspects of the
ISM, especially in the relatively gentle interaction of the
ultraviolet photons from the massive stars in the galaxy
with the ISM.!

In order to understand the effect of ultraviolet pho-
tons on the ISM, it is necessary to understand the basic
properties of the interstellar dust and gas, as revealed by
decades of astrophysical research. Hydrogen gas is the
most abundant species (by both number and mass) in
the ISM. The interstellar dust abundance relative to hy-
drogen, as well as the gas-phase abundances of heavier
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"Massive stars, some 10 to 100 times as massive as the sun,
are much less numerous than solar-type stars in a galaxy like
the Milky Way, but they produce the bulk of the ultraviolet
photons because they are hotter and roughly 10°~10° times as
luminous as the sun. Astrophysicists classify stars by letters;
massive stars are O and B stars, O being more massive.
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elements relative to hydrogen, vary somewhat both
within a given galaxy and from galaxy to galaxy. Never-
theless, as a general rule, the mass of material in dust
particles is of order 0.01 times the mass in hydrogen,
regardless of the density of the gas. Dust particles usu-
ally range in size from the molecular domain to sizes of
order 0.3 um and are composed largely of amorphous
carbon or graphite, aromatic hydrocarbons, silicates, ices
(especially water ice), silicon carbide, and possibly iron
particles, metallic oxides, and sulfides. At the small end
of the size regime lie polycyclic aromatic hydrocarbons
(PAHs), which are really large, planar molecules rather
than “‘solid” dust particles. In the gas, helium is the next
most abundant element after hydrogen, roughly 10% of
hydrogen by nucleus number and 40% by mass. Oxygen
and carbon follow, with elemental number abundances
relative to hydrogen of about 310 * and 1.4X 10" in
the local ISM of our Milky Way Galaxy. A substantial
fraction of elemental oxygen and (to a lesser extent)
carbon is generally in the gas phase rather than incorpo-
rated in dust. Generally, a large fraction of the refrac-
tory elements like silicon, iron, and magnesium, and a
significant fraction of carbon is found in dust particles.
The ISM is made up of a number of components,
which can be described by their hydrogen gas densities,
their temperatures, and their state of ionization. Three
of these components fill most of the volume of the ISM:
the warm neutral medium (WNM) with hydrogen
nucleus density n~0.3cm > and 7~8000K, the warm
ionized medium (WIM) with similar n and T but with
the hydrogen nearly completely ionized, and the hot ion-
ized medium (HIM, the supernova-shocked intercloud
medium), with n~3X10"3cm ™3 and T~10°K (McKee
and Ostriker, 1977; Kulkarni and Heiles, 1987). Four of
these components make up three “phases’ of the ISM:
the HIM hot phase, the combined WIM and WNM
warm phase, and a cold phase (CNM, for cold neutral
medium) of neutral clouds with n~30cm™> and T
~100K. The term ‘“‘phases” is used to denote compo-
nents that may exist in thermal pressure equilibrium,
with P/k=nT~3x10°> cm 3K in the solar vicinity (Jen-
kins et al., 1983). However, there are also components,
small in volume filling factor, with much higher thermal
pressures than the average ISM thermal pressure. The
ultimate origin for these higher pressures is gravity:
clouds achieve critical masses where their self-gravity
makes them gravitationally bound. The pressures in
their cores then rise in an attempt to produce pressure
gradients that will offset gravity. Generally, these dense
cloud cores are cold (T~1-30K), opaque to optical or
ultraviolet photons, and molecular (H,). Their hydro-
gen gas densities range from ~10°cm™> to over
10’ cm 3. The denser cores are not in equilibrium but
are either collapsing to form stars, or are expanding due
to the interaction of radiation or winds from embedded
or nearby stars. For example, the extreme-ultraviolet
(hv>13.6 eV—the ionization potential of hydrogen at-
oms) photons from massive stars near interstellar mo-
lecular clouds produce the bulk of the fully ionized
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gas (HII regions?) in the galaxy. Some of the extreme-
ultraviolet photons escape to distant regions to produce
the warm ionized medium, but photons impinging on the
cloud photoionize the hydrogen and the resulting ener-
getic photoelectrons collisionally heat the gas in the HII
portion of the cloud to 10* K. These HII regions have
electron densities that range from 1 cm ™ to =10° cm 3,
and with their high pressures and large thermal veloci-
ties they often expand into the ambient ISM, thereby
destroying and dispersing the gravitationally bound mo-
lecular cloud. In summary, two higher-pressure compo-
nents of the ISM are HII regions and gravitationally
bound molecular clouds.’

Most of the mass of the ISM is in neutral regions,
either cold neutral medium or gravitationally bound mo-
lecular clouds, and it is in the latter where star formation
occurs. The study of photodissociation regions* (PDRs)
is the study of the effects of stellar far-ultraviolet
(6 eV<hwv<13.6eV) photons on the structure, chemis-
try, thermal balance, and evolution of the neutral inter-
stellar medium of galaxies. One important aspect of this
study is understanding the process of star formation.
Far-ultraviolet photons not only illuminate star-forming
regions, causing them to glow in infrared emission, diag-
nostic of the physical conditions, but they may also play
an important role in regulating the star formation pro-
cess.

Historically, observational study of PDRs goes back
to the early parts of this century, when optical absorp-
tion lines seen in the spectra of stars were shown to
originate in interstellar rather than stellar photospheric
gas. Much of this absorption occurred in relatively trans-
parent (Ay=<2, see footnote 5) neutral clouds called

2Astrophysicists use “I” to denote neutral atoms, “II” to de-
note singly ionized species, “III”’ to denote doubly ionized spe-
cies, and so forth. Therefore HII refers to H* or protons, and
CII refers to singly ionized carbon or C*.

3Physicists should note that what astrophysicists call “high-
pressure’” ISM is a better vacuum than achievable in the labo-
ratory! Because of the low densities and the non-blackbody
radiation fields, local thermodynamic equilibrium cannot be
assumed in calculating the chemical abundances or level popu-
lations of the interstellar species.

“Photodissociation regions have also been called “photon-
dominated regions”; we prefer “photodissociation regions”
because it implies the presence of ultraviolet photons, which
are not energetic enough to ionize hydrogen and create HII
regions, but which can dissociate most molecules. This term
remains sufficiently general to include regions that are mostly
H, or CO but where ultraviolet fluxes still appreciably dissoci-
ate other species.

SAstrophysicists often measure the thickness or the depth
into a cloud by the amount of visual extinction A, (\~5550 A)
of the incident radiation field caused by the dust column to this
thickness or depth. Ay,=1 corresponds to a reduction by a
factor of 2.5 in the incident visual flux and, because of the
assumed constant ratio of gas to dust, corresponds to a hydro-
gen nucleus column density of about 2X 102! cm™2.
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FIG. 1. [CII] 158 wum and [OI] 63 wum maps of the
Orion A molecular cloud behind the Trapezium (adapted
from Herrmann et al., 1997). The [CII] contours are in

steps  of 5x10"*ergem % s™'sr™!  beginning  with
1.5x107%erg em 2 s7'sr™l. The [OI] are in steps of
10x107 3 erg ecm™? s !sr™!  beginning  with  15x1073

erg cm 2 s 'sr™l. A small area of =1’ (=0.15pc) around
IRC 2 has significant [OI] shock emission. The asterisk and
triangle indicate the locations of #' C Ori and IRC 2, respec-

tively.

“diffuse clouds,” which often are identical to the cold-
neutral-medium phase (n~30cm™> and T~100K) of
the ISM. Theoretical models of diffuse clouds appeared
in the 1970s (e.g., Glassgold and Langer, 1974, 1976;
Black and Dalgarno, 1976, 1977), stimulated by observa-
tions with the Copernicus space-borne telescope of ul-
traviolet absorption lines of trace quantities of rotation-
ally excited H, and other species (reviewed by Spitzer
and Jenkins, 1975). Somewhat later, thicker molecular
clouds (A ~2-5), still studied through absorption lines
in stellar spectra, were labeled “‘translucent clouds.”
The study of dense PDRs on the surfaces of opaque
(Ay>>2) molecular clouds was stimulated by the ob-
servations of the massive star-forming regions Orion A
and M17 in the fine-structure lines [CII] 158 um and
[OI] 63 wm by Melnick, Gull, and Harwit (1979), Storey,
Watson, and Townes (1979), and Russell et al. (1980,
1981). The early [CI] 609 um observations of extensive
columns of atomic carbon in molecular clouds also
stimulated the modeling and understanding of dense
PDRs (Phillips and Huggins, 1981; Keene et al., 1985).
These observations pointed to predominantly neutral,
infrared-luminous regions lying outside the HII regions.
Molecules in these PDRs are photodissociated and, for
elements like carbon with ionization potentials below
13.6 eV, largely photoionized by the far-ultraviolet
fluxes generated by nearby O stars. The luminosity in
the [CII] and [OI] lines, which dominate the cooling of
the atomic gas, is of order 10~3 to 10~ 2 of the infrared
(IR) luminosity from the dust that absorbed the star-
light. Figure 1 presents a more recent map of the [CII]
158 um and [OI] 63 um emission from Orion A (Herr-
mann et al., 1997), showing the large extent (5’ by 5’ or
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FIG. 2. (Color) The Orion Bar region mapped in the 3.3-um PAH feature (blue), H, 1-0 S(1) emission (yellow), and CO J
=1-0 emission (red; Tielens et al., 1993). The (0,0) position corresponds to the (unrelated) star #> A Ori. The illuminating source,
#' C Ori, and the ionized gas are located to the northwest (upper right). For all three tracers, the emission is concentrated in a bar
parallel to but displaced to the southeast from the ionization front. The PDR is seen edge on; a separation of =10" is seen between
the PAH emission and the H, emission, and between the H, emission and the CO emission, as predicted by PDR models (see

text).

0.75 pc by 0.75 pc; see footnote 6) and luminosity (L ¢y
~80L g and Lg;~600L ) of the infrared-glowing neu-
tral gas associated with the Trapezium stars. Figure 2
(Tielens et al., 1993) shows a smaller-scale map of the
Orion Bar, where the neutral gas outside of the HII re-
gion is viewed edge-on. A layered appearance is evident;
moving away from the excitation source, the ionization
front, HI layer, H, emission, and CO emission appear in
succession.

% Astrophysicists measure distances in parsecs or pc, the dis-
tance at which the sun-earth system would subtend 1 arcsec-
ond of angle. 1 pc=3 light years=3x10'® cm.
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Despite these historical roots, the study of PDRs is
not simply the study of diffuse and translucent clouds
and the photodissociated gas that lies just outside of
dense, luminous HII regions in the Galaxys; it includes as
well the pervasive warm neutral medium, giant molecu-
lar clouds, reflection nebulae, the neutral gas around
planetary nebulae, photodissociated winds from red gi-
ant and asymptotic giant branch stars, and the interstel-
lar medium in the nuclei of starburst galaxies and galax-
ies with active galactic nuclei. PDRs include all
interstellar regions where the gas is predominantly neu-
tral but where far-ultraviolet photons play a significant
role in the chemistry and/or the heating. Figure 3 sche-
matically illustrates the structure of an opaque PDR.
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FIG. 3. A schematic diagram of a photodissociation region.
The PDR is illuminated from the left and extends from the
predominantly atomic surface region to the point where O, is
not appreciably photodissociated (A=10). Hence the PDR
includes gas whose hydrogen is mainly H, and whose carbon is
mostly CO. Large columns of warm O, C, C*, and CO, and
vibrationally excited H, are produced in the PDR.

The ultraviolet flux from, for example, the interstellar
radiation field (ISRF) or from nearby hot stars is inci-
dent on a neutral cloud of hydrogen nucleus density n.
The incident far-ultraviolet flux G (in units of an aver-
age interstellar flux between 6 eV=hv=<13.6eV of 1.6
X 1073 ergem ?s™!; Habing, 1968) can range from the
local average ISRF (G(~1.7; Draine, 1978) to G,
=109, appropriate, for example, to gas closer than 0.1 pc
from an O star.” Typically, densities n range from
~025cm™3 in the warm neutral medium to
~10-100cm™ in diffuse clouds, to ~10°=10" cm™? in
the PDRs associated with molecular gas. As illustrated
in Fig. 3, PDRs are often overlaid with HII gas and a
thin HII/HI interface that absorb the Lyman continuum
photons. Although dependent on the ratio G,/n, the
PDR itself is often characterized by a layer of atomic
hydrogen which extends to a depth A, ~1-2 (or a hy-
drogen nucleus column of N=2-4X10?' cm~?2) from the
ionization front (near-infrared emission from PAH mol-
ecules absorbing the starlight peaks here), far-
ultraviolet-pumped H, emission peaking at the HI/H,
interface, a layer of C* which extends to a depth Ay
~2—4, and a layer of atomic oxygen which extends to a

G is an equivalent one-dimensional flux incident on a PDR;
i.e., rates of photoreactions at the surface are equal to the
photon flux given by G times the relevant cross sections. For
distributed sources and optically thin PDRs, such as diffuse
clouds in the interstellar radiation field, G is 47 times the
mean intensity. Gy=1.7 corresponds to the Draine (1978)
ISRF in such a case. For distributed sources and an opaque
PDR, the radiation is only incident from 27 steradians at the
surface, so that G;=0.85 for the Draine field in this case.
However, it should be noted that the attenuation of such a
field as a function of A, into the opaque cloud is not the same
as the attenuation of a one-dimensional flux (e.g., from a single
point source) incident perpendicular to the surface.
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depth A, ~5-10. Atomic carbon largely exists near the
C*/CO interface. Figure 2 observationally shows this
morphology in PAH, H,, and CO emission. The H, C¥,
and O layers are maintained by the far-ultraviolet pho-
todissociation of molecules and photoionization of C.
Diffuse clouds or warm-neutral-medium gas typically
have Ay =<2, so they are often nearly entirely atomic.

Traditionally, PDRs have been associated with atomic
gas. However, with the above definition, PDRs include
material in which the hydrogen is molecular and the car-
bon mostly in CO, but where far-ultraviolet flux still
strongly affects the chemistry of oxygen and carbon not
locked in CO (photodissociating OH, O,, and H,O, for
example) and the ionization fraction. The transition
from C* to CO occurs in PDRs, and CO is arguably the
most important molecule in astrophysics. Although H, is
more abundant, CO is more readily observed and has
been used extensively as a tracer of molecular gas and
star-forming regions. With the exception of the molecu-
lar gas in dense, star-forming cores, most molecular gas
in the Galaxy is found at A;=<10 in giant molecular
clouds. Therefore, all of the atomic and at least 90% of
the molecular gas in the Galaxy is in PDRs.

Not only do PDRs include most of the mass of the
interstellar medium, but PDRs are the origin of much of
the IR radiation from the ISM (the other significant
sources are HII regions and dust heated by stars too
cool to emit appreciable far-ultraviolet radiation). The
incident starlight is absorbed primarily by large carbon
molecules (polycyclic aromatic hydrocarbons or PAHs)
and grains inside a depth A ~1. Most of the absorbed
energy is used to excite the PAHs and heat the grains
and is converted to PAH infrared features and far-
infrared continuum radiation of the cooling grains.
However, typically 0.1-1% of the absorbed far-
ultraviolet energy is converted to energetic (~1eV)
photoelectrons that are ejected from PAHs and grains
and that heat the gas (“photoelectric heating”). Al-
though the gas receives 10°—10° times less heating en-
ergy per unit volume than the dust, the gas attains
higher equilibrium temperatures, 7>T,, , because of its
much less efficient cooling (via [CII] 158 um and [OI] 63
pm) relative to the radiative dust cooling. Much of the
[CII], [O]], and [SilI] fine structure, carbon recombina-
tion, H, rotational and vibrational emission, and
CI(9850 A) emission in galaxies originates from depths
Ay=4 in PDRs. Most of the [CI] fine structure and the
CO rotational emission in galaxies comes from regions
somewhat deeper in the photodissociation regions. For
example, the 4-1000-um spectrum of our Milky Way
Galaxy (Wright ef al., 1991) obtained by the COBE sat-
ellite is dominated by PDR emission (see Fig. 4), with
the exception of the [NII] and a fraction of the [CII]
fine-structure emission, which originates in diffuse HII
gas. The [CII] fine-structure transition is often the domi-
nant cooling line from the ISM of a galaxy.

Astronomers use a number of acronyms and units that
will be unfamiliar to physicists. We therefore define in
Table I the acronyms and units used in this review.
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FIG. 4. The Cosmic Background Explorer (COBE) observa-
tion of the far-infrared spectrum of our Milky Way Galaxy
(Wright et al., 1991; figure from Genzel, 1991). With the excep-
tion of the [NII] emission and a controversial portion of the
[CII] emission, the bulk of the emission is from PDRs. Note
that there is no information from COBE on the line spectrum
of the Milky Way at wavelengths less than the [OI] 145 um
line.

We discuss the physical and chemical processes in
PDRs in Sec. II, followed by a summary of the theoret-
ical models in Sec. III. The observations of PDRs (Sec.
IV) span a wide variety of phenomena, including dense
gas around HII regions, reflection nebulae, OH and
CH;0OH maser regions, the Galactic Center, and star-
burst galactic nuclei. PDR models explain the H, spec-
tra, the origin of [CI], the correlation of [CII] to CO J
=1-0, and the correlation of ([CII]+[OI]) to the infra-
red continuum intensity (Sec. IV). Some PDRs are illu-
minated by harder radiation fields, such as the neutral
gas illuminated by the central stars of planetary nebulae
and clouds irradiated by x-ray sources (Sec. V). On the
scale of individual clouds illuminated by the interstellar
radiation field, PDR models describe diffuse and trans-
lucent clouds, the structure of HI or C* halos around
molecular clouds, and the scaling of the CO J=1-0 lu-
minosity with H, mass (Sec. VI). On a global scale, PDR
models help explain the origin of the Galactic [CII]
emission, the distribution of HI and H, in galaxies, the
existence and heating of the neutral phases of the ISM,
the formation and destruction of molecular clouds, and
the regulation of star formation in galaxies (Sec. VII).

Although we have striven to be comprehensive in this
review, we do not emphasize here the PDRs associated
with mass outflows from giant stars (see the recent re-
view by Glassgold, 1996), or 21-cm HI observations (see
Kulkarni and Heiles, 1987). Other PDR reviews include
those of Genzel et al. (1989), Jaffe and Howe (1989),
Hollenbach (1990), Genzel (1991, 1992), Burton (1992),
Sternberg (1992, 1998), van Dishoeck (1992), Hollen-
bach and Tielens (1996, 1997), Sternberg et al. (1998),
and Walmsley (1998).

Rev. Mod. Phys., Vol. 71, No. 1, January 1999

TABLE I. Acronyms and astronomical units.

AU Astronomical Unit, earth-sun distance, 1.5
X 105 cm
BICE Balloon-borne Infrared Carbon Explorer

CNM cold neutral medium, the 7~100K phase of the
ISM

COBE Cosmic Background Explorer

CSO Caltech Submillimeter Observatory

ELD extended low-density ionized regions of the ISM

EUV extreme ultraviolet, hv=13.6eV, capable of

ionizing hydrogen
FIR far infrared

FIRST Far Infrared and Submillimeter Telescope

FUV far ultraviolet, 6 eV=hv=<13.6eV

HI atomic hydrogen

HII ionized hydrogen

HIM hot ionized medium, the T~10° K phase of the
ISM

HST Hubble Space Telescope

IR infrared

IRAS Infrared Astronomical Satellite

ISM interstellar medium

ISO Infrared Space Observatory

ISRF interstellar radiation field

JCMT James Clarke Maxwell Telescope

Lo solar luminosity or 3.9xX 10 ergs™!

LTE local thermodynamic equilibrium

Mo solar mass or 2.0X10** gm

NGC New General Catalogue, a catalogue of optically
bright nebulae

PAH polycyclic aromatic hydrocarbons, large robust
organic molecules

pc parsec, or 3.26 light years, or 3.1X10'® cm

PDRs photodissociation regions, sometimes called
“photon-dominated regions”

Proplyds protoplanetary disks

SOFIA Stratospheric ~ Observatory  for  Infrared
Astronomy

SWS Short-wavelength spectrometer on board the
ISO

UIR unidentified infrared emission bands, now

identified with PAH origin
uv ultraviolet

VLBI very long baseline interferometer

VLT very large telescope

WIM warm ionized medium, the 7~10*K ionized
phase of the ISM

WNM warm neutral medium, the 7~10*K neutral
phase of the ISM

XDR x-ray dissociation region

Il. PHYSICAL AND CHEMICAL PROCESSES

The many different physical and chemical processes
that play a role in the composition and structure of
PDRs are all in some way connected to the penetrating
far-ultraviolet photons. Radiative transfer in the far-
ultraviolet is largely regulated by small dust grains,
which dominate the opacity over most of the non-H-
ionizing (hv<13.6eV) continuum. Some molecules ab-
sorb far-ultraviolet radiation in strong lines and dissoci-
ate; these molecules can be very important opacity



D. J. Hollenbach and A. G. G. M. Tielens: Photodissociation regions in galaxies 179

sources as well. This so-called “‘self-shielding” can con-
trol the abundance gradient through the PDR for a mol-
ecule that does the absorbing, and this is particularly
important for the abundant H, molecule. In general, the
penetrating far-ultraviolet photons drive the chemistry
through photoionization and photodissociation reac-
tions. The gas also couples thermally to the far-
ultraviolet photon flux, but in rather indirect ways. First,
heating of the gas can occur through the photoelectric
effect on large molecules and small dust grains, whereby
the excess kinetic energy of the ejected photoelectron is
converted into thermal energy of the gas through colli-
sions. Second, H, molecules can be excited through far-
ultraviolet photon absorption, and collisional relaxation
then leads to heating of the gas. This section discusses
some of the more important physical and chemical pro-
cesses, starting with the dust-dominated radiative trans-
fer of far-ultraviolet photons in the continuum (Sec.
IT.A). Section II.B.1 discusses various aspects of the H,
molecule in PDRs, including self-shielding, gas heating,
and formation and destruction. PDR chemical networks
are more fully discussed in Sec. I1.B.2. Heating of the
gas through the photoelectric effect is described in Sec.
II.C. The various heating and cooling processes are then
summarized in Sec. II.D.

A. The penetration of far-ultraviolet radiation

One of the keys to understanding PDR structure lies
in understanding the attenuation of the far-ultraviolet
continuum flux through the PDR. The penetration of
far-ultraviolet radiation is determined by dust absorp-
tion and scattering, as well as by the geometry and glo-
bal structure of interstellar clouds. Various authors have
studied the penetration of far-ultraviolet radiation inside
homogenous clouds. In particular, Roberge et al. (1981,
1991) solved the radiative transfer equation for plane-
parallel slabs of various thicknesses using the spherical
harmonics method (Flannery et al., 1980) and calculated
depth-dependent photodissociation and photoionization
rates for a variety of astrophysically relevant molecules.
Deep inside semi-infinite slabs, the mean intensity scales
with exp[ —k& Ay, where k is the smallest eigenvalue of
the characteristic equation (Flannery et al., 1980), which
depends on the scattering properties, &, is the ratio of
the extinction at A to that at visual wavelength, and A
is the visual extinction measured from the surface. To
first order, k is given by the diffusion approximation,

k=\3(1-w)(1-wg), (1)

with o the albedo and g the mean cosine of the scatter-
ing angle (Flannery efal, 1980). For optically thin
(k& Ay=1) clouds, a correction factor has to be in-
cluded for photons penetrating from the other side of
the slab. Generally, a biexponential fit to the radiative
transfer solution suffices for the depth-dependent photo-
ionization and photodissociation rates (van Dishoeck,
1988; Roberge et al., 1991).
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The intensity of the radiation field inside an interstel-
lar cloud depends critically on the adopted absorption
and scattering properties of the dust. Generally, theoret-
ical studies rely on either directly measured “‘average”
properties of interstellar dust (see Savage and Mathis,
1979; Mathis, 1990) or on models that fit these ‘“‘aver-
age” properties (e.g., Draine and Lee, 1984). These ““av-
erage” dust properties refer exclusively to a (biased)
sample of lines of sight through diffuse interstellar
clouds. Moreover, the dust properties are known to vary
from one diffuse cloud to another (Cardelli et al., 1989).
Dust in molecular clouds is generally characterized by a
high value for R, the ratio of total to selective extinc-
tion. If diffuse clouds are a guide, this implies much
lower far-ultraviolet extinction per H atom than com-
monly adopted.

Recently, the far-ultraviolet scattering properties of
dust have been measured for the well-studied PDR as-
sociated with the reflection nebula NGC 7023. While the
data at wavelengths longer than 1600 A are in good
agreement with the dust properties adopted in the
widely used molecular dissociation and ionization rates
calculated by Roberge et al. (1991) and van Dishoeck
(1988), at shorter wavelengths there are differences. In
particular, rather than remaining constant, the albedo
decreases from 0.6 at 1600 A to 0.4 at 1100 A (Witt
et al., 1992, 1993; Murthy et al., 1993). The scattering
phase function is not revised by these new measure-
ments. This decrease in the albedo at shorter wave-
lengths will lead to higher far-ultraviolet fluxes inside
PDRs, and this difference may amount to 50% in k§, .
For those species which are dissociated or ionized only
by photons at the shortest wavelengths (i.e., H,, CO,
CI), this can lead to much enhanced photodissociation
and photoionization rates at moderate to high Ay, .

In recent years, it has become increasingly clear that
interstellar clouds are inhomogeneous on all scales (Fal-
garone and Phillips, 1996, and references therein). This
clumpy nature of interstellar clouds can have a profound
influence on the penetration of far-ultraviolet radiation
(Stutzki er al., 1988; Boissé, 1990; Spaans, 1996; Heg-
mann and Kegel, 1996). A schematic illustration of a
clumpy molecular cloud is presented in Fig. 5.

The study by Boissé is particularly instructive and es-
tablishes simple scaling laws which can be easily adopted
for PDR modeling (cf. Tauber and Goldsmith, 1990;
Howe et al., 1991; Meixner and Tielens, 1993; Hobson
and Scheuer, 1993). Boissé limited himself to isotropic
scattering (i.e., g=0). His results show that, in most as-
trophysically relevant cases, the radiative transfer in an
inhomogeneous medium can be reduced to that in a ho-
mogenous medium of (lower) effective albedo and ex-
tinction coefficient. Consider a two-phase medium con-
sisting of clumps with filling factor p, and extinction
coefficient x, and an interclump medium with extinction
coefficient «;. The effective albedo w, and extinction
coefficient «, of this inhomogeneous medium are a func-
tion of p,, Ky, and «; (Boissé, 1990). Generally, «, can
be expressed in a simple manner,
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FIG. 5. An illustration of a clumpy photodissociation region
(Meixner and Tielens, 1995). The far-ultraviolet photons scat-
ter and penetrate through the interclump material and reach
points deeper in the regions than if the material were uni-
formly spread throughout the region. Photodissociation re-
gions are located on the surfaces of clumps (dark gray) closest
to the UV source and throughout the interclump medium

(light gray).
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where (x) is the average opacity [=p, «,+(1—p,)«1],
/ is the correlation length (ie., clump size), and the op-
tical depth scale 7; is given by «;/. Thus, depending on
the clump filling factor and the density contrast between
clump and interclump gas, the penetration of far-
ultraviolet radiation can vary by orders of magnitude
(Boissé, 1990). Figure 6 shows an example of the effects
of clumps on the intensity of the penetrating far-
ultraviolet field. For example, in the limit 7,>1 and 7
>p, (few clumps), the effective extinction coefficient is
equal to x; and the solution is well described by the
homogenous solution for the interclump gas. In the op-
posite limit, 7{<p, (empty interclump medium), «, is
equal to p,/ " or p,k,, depending on the ratio of the
extinction size scale to the clump size scale. In this limit
the clumps control the far-ultraviolet penetration.
Observations show that bright PDRs, such as the
Orion Bar or the M17SW core, are in the first limit
where the interclump gas controls the far-ultraviolet
penetration. For typical parameters of the M17SW core,
for example, the effective extinction coefficient, «,
=k, is about 10pc~!. The same mass distributed ho-
mogeneously would have an extinction coefficient of
=420 pc_l (Stutzki et al., 1988; Meixner and Tielens,
1993). Thus, over the size of this core (2 pc), the far-
ultraviolet extinction is 20 in the clumped distribution as
compared to 840 for the homogenous distribution. The
second limit discussed above seems to be more appro-
priate for penetration of far-ultraviolet radiation in giant
molecular clouds, where the clump to interclump con-
trast is very large, =10°. With scale sizes of 35 AU,
densities of 5X10*cm™3, 7,=0.03, a volume filling fac-
tor of 0.003 for the clumps, and interclump densities of
=50cm 3 (Falgarone and Phillips, 1996), shadowing of
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one clump by another now regulates molecular abun-
dances.

One important characteristic of far-ultraviolet pen-
etration into clumpy clouds is the existence of large fluc-
tuations in the mean intensity at a given depth (Boissé€,
1990; Spaans, 1996). These fluctuations are particularly
important when individual clumps are optically thick,
scattering in the clump or interclump gas is unimportant
(xy/x,<1), and the cloud is illuminated by a unidirec-
tional field (i.e., a nearby star). This is illustrated in Fig.
7, which shows that, for these conditions, at great depth
the variance becomes larger than the average intensity.
In this limit, the far-ultraviolet field can fluctuate by
~exp(7,) (Monteiro, 1991; Storzer et al., 1997). When
any of these restrictions is relaxed, fluctuations become
of lesser importance and may be no more than a small
factor in realistic situations (Boiss€, 1990).

B. Chemistry in PDRs

PDR chemistry has been discussed in detail by Tielens
and Hollenbach (1985a, 1985c¢), Hollenbach et al. (1991),
Le Bourlot ef al. (1993), Fuente et al. (1993, 1995), Jan-
sen etal (1995a, 1995b), Sternberg and Dalgarno
(1995), and Bergin et al. (1997). It derives rather directly
from the chemistry of those more transparent PDRs, dif-
fuse and translucent clouds (Glassgold and Langer,
1974, 1976; Black and Dalgarno, 1977; Federman et al.
1980, 1984, 1994; Danks et al., 1984; van Dishoeck and
Black, 1986, 1988, 1989; Viala, 1986; Viala et al., 1988;
Federman and Huntress, 1989; van Dishoeck, 1991;
Heck et al., 1992; Turner, 1996, and references therein)
PDR chemistry differs from standard, interstellar, ion-
molecule chemistry® in a number of ways. Obviously,
because of the high far-ultraviolet flux, photoreactions
are very important, as are reactions with atomic H. The
formation and photodissociation of H, is central to
PDRs, and we begin with a discussion of H, chemistry
and H, far-ultraviolet-pumped heating. Once H, has
formed on grain surfaces and evaporated into the gas,
gas-phase chemistry can produce the other species. Elec-
tron recombination and charge-exchange reactions are
important for the ionization balance. Photodissociation
of CO and photoionization of C keeps carbon in C*
relatively deep into the cloud and produces significant
columns of C at intermediate depths. The far-ultraviolet

8Standard interstellar chemistry is concerned with reactions
inside dense molecular cloud cores that are opaque to far-
ultraviolet photons. Such cores can still be penetrated by en-
ergetic cosmic-ray particles, leading to ionization of the abun-
dant H, and He. This ionization can be passed on to other
species through charge-transfer reactions until it is finally lost
through recombination reactions. The resulting low level of
nonequilibrium ionization drives the chemistry in these re-
gions. In contrast to most neutral-neutral reactions, exother-
mic ion-molecule reactions generally possess no activation bar-
riers, because of the Coulomb energy, and consequently are
fast even at the low interstellar temperatures and densities. For
a review, see Herbst (1987).
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FIG. 6. The average intensity inside a layer (size L) with an
average optical depth ({(k)L) of 7.5, a clump filling factor p,
=0.1, and optical depth scales 7,=2.5 and 7, =0.0556 (Boissé,
1990). The mass fraction in the clumps is then =0.8. The
adopted albedo w is 0.6. The results of numerical calculations
are shown as triangles. For these parameters, (J) is essentially
the average intensity incident upon the surface of a clump at a
depth z in the PDR, while (J,) is the average intensity in the
clump. The results for a homogenous model, J, with the
same o and 7is shown for comparison, while /% is the average
intensity due to incident photons that made it to that depth
without scattering. These averaged intensities are normalized
to the incident intensity and hence, because of backscattering,
they may exceed unity at the surface.

flux keeps atomic O very abundant throughout the
PDR, and hence burning reactions are effective. Ab-
sorption of a far-ultraviolet photon by H,, followed by
radiative decay, will generally leave the molecule vibra-
tionally excited. This far-ultraviolet pumping makes vi-
brationally excited H, abundant, and this species can
play a decisive role in PDR chemistry. If the gas gets
very warm (=500K) or if the translational motion is
non-Maxwellian, the activation barrier of reactions of
atoms and radicals with H, can be easily overcome, and
these types of reactions can dominate.

1. H, formation, destruction, and heating

The formation of H, in the ISM proceeds on the sur-
faces of interstellar dust grains (see Hollenbach and Sal-
peter, 1970, 1971; Hollenbach et al., 1971), and the H,
formation rate per unit volume, Ry, can be expressed as

1
RfZES(T,Tg,,) 7]( Tgr)ngrnHo-grvH’ (3)

where S(T,T,,) is the sticking probability of an H atom
with temperature 7 colliding with a grain of tempera-
ture T,,, 7(T,) is the probability that a “stuck” H
atom will migrate across the grain surface, find another
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FIG. 7. The average intensity incident upon clumps and its rms
fluctuations for the same parameters as for Fig. 6 (Boissé,
1990). The results of numerical calculations are shown as tri-
angles. Normal incidence is assumed. These averaged intensi-
ties are normalized to the incident intensity and hence, be-
cause of backscattering, they may exceed unity at the surface.

H atom, and form H, before evaporating from the grain
surface, n,, is the grain number density, ny is the H
atom density, o,, is an average grain cross section, and
v < T"? is the thermal speed of the H atoms. Equation
(3) represents an integral over the distribution of grain
sizes, so that n,0, Tepresents an average Cross-
sectional area per unit volume of space. Typically,
ng,agr~n(10721 cm2) and vH~105T%/zcmsfl, where
T,=T/100K. Equation (3) becomes then R;=5
x 107171328 (T, To) n(Ty)nny em3s”L For suffi-
ciently low temperatures, S and »~1, but § and 7 tend
to decrease with increasing temperature as atoms
bounce from the grain surfaces or evaporate before re-
acting. Burke and Hollenbach (1983), Hollenbach and
McKee (1989), and Buch and Zhang (1991) make theo-
retical estimates of the T and T, dependence of S and
n. Lin and Vidali (1996) and Pirronello et al. (1997a,
1997b) have recently reported new laboratory measure-
ments of S.

Much of the existing literature is, for historical rea-
sons, geared towards H physisorbed on interstellar (ice)
surfaces or on surfaces with nearly all the chemical
bonds saturated. Graphitic and silicate surfaces, which
are currently considered likely interstellar grain sur-
faces, may have a large fraction of chemisorption sites
with binding energies of 1-2 eV. H, formation on a
purely chemisorbing surface has been touched upon in
an astrophysical context by Tielens and Allamandola
(1987). Balancing H accretion and H, formation by
neighboring chemisorbed H atoms, the surface coverage
of chemisorbed H, 6y, is then given by 0y=a/2[(1
+4/a)%3—1], where a is the ratio of the accretion rate to
the reaction rate (per site); Viz., a
=10"2n TS (T)explE,/kT,]. The activation barrier
for the reaction of neighboring chemisorbed H atoms,
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E,/k, is approximately 1000 K for both graphite and
silicates (Tielens and Allamandola, 1987, and references
therein). For typical diffuse ISM conditions (7,
=10K), a>1 and 6 is very close to unity. At low T, ,
sticking will still occur initially in the physisorbed sites
on “top” of the chemisorbed H layer and the tempera-
ture dependence of S and # is described by the theoret-
ical studies mentioned above. However, for high T but
low T,,, H, formation can proceed by direct reaction
between an impinging H atom and the chemisorbed H it
hits, rather than by reaction between adsorbed species.
This will limit the factor by which the impinging H flux is
reduced in Eq. (3); i.e., the factor S(7,T,,)7n(T,,) in
Eq. (3) is then given by exp(—E,/kT). For dense PDRs,
however, where T,,=50K, a is much less than 1 and
0p=a/2. Neighboring chemisorbed atoms can react with
each other to form H,, evaporate from the surface, and
leave the surface quite bare. In this case, the sticking
coefficient may be much less affected by the gas tem-
perature, since the adsorption potential well depth is
now so deep as to trap (chemisorb) the incoming gas
atoms. In this limit, all H that sticks will leave through
H, formation [i.e., 7(T,,)=1].

Overall, the theoretical and laboratory results have
not been completely developed and their applicability to
interstellar dust remains uncertain. Given the uncertain-
ties in interstellar dust properties, the best solution at
present may be to derive the rate coefficient semiempiri-
cally by comparison of PDR models with observations,
which give

Ry=vyu,nny, “4)

with a rate coefficient yy ~1-3X 1077 em?s™! (Jura,

1975; Andersson and Wannier, 1993).

Photodissociation and self-shielding of H, have been
studied by Field et al. (1966), Stecher and Williams
(1967), Hollenbach et al. (1971), Jura (1974), Black and
Dalgarno (1977), Shull (1978), Federman et al. (1979),
de Jong et al. (1980), van Dishoeck and Black (1986),
Abgrall et al. (1992), Heck et al. (1992), LeBourlot et al.
(1995), and Lee et al. (1996); the field has been reviewed
by van Dishoeck (1987) and recently discussed in detail
by Draine and Bertoldi (1996). H, absorbs far-
ultraviolet photons via Lyman and Werner electronic
transitions in the 912—1100-A range. The electronically
excited state fluoresces to the vibrational continuum of
the ground electronic state about 10—-15% of the time
(see Fig. 8). The H, photodissociation rate then follows
from a summation over all lines. When the H, column
density exceeds 10" cm ™2, the far-ultraviolet absorption
lines become optically thick and self-shielding becomes
important. The photodissociation rate then depends on
the H, abundance and level population distribution as a
function of depth in the cloud. Various approximations,
appropriate for chemical modeling, have been described
by Jura (1974), Federman et al. (1979), van Dishoeck
and Black (1986), and Draine and Bertoldi (1996).

An understanding of the HI/H, transition can be
gained by using the simplest self-shielding approxima-
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FIG. 8. A schematic of the H, far-ultraviolet pumping, disso-
ciation, and heating mechanisms for PDRs. Far ultraviolet
fluorescence can leave a H, molecule vibrationally excited in
the ground electronic state. Collisional deexcitation of this ex-
cited molecule can then heat the gas. In about 10—-15% of the
pumping cases, the cascade goes to the vibrational continuum
of the ground electronic state, which leads to photodissociation
of the H, molecule. A simple expression for the heating effi-
ciencies € is indicated. See text for details.

tion given by Draine and Bertoldi (1996). The photodis-
sociation rate of H, per unit volume, R g, is given as

R giss= fshieta(N ) e 7sr1000 43 (0) gy, ®)

where np, is the H, density, 74(0)=4x10"1G,s !is
the unshielded dissociation rate per Hy, 7, 1009 is the
optical depth of the dust at 1000 A, Ny, is the H, col-

umn density into the PDR, and f;.14 is the self-shielding
factor given approximately (accurate to a factor of ~1.5)
by

_ 14 -2
fshiew=1, Np,=10" cm™7,

NH —-0.75
) : (6)

fshield= ( N_O
No=10" em™?<Ny =10*! em™

Equating the H, formation rate [Eq. (4)] with the pho-
todissociation rate [Eq. (5)] in the region N
=<10?' em 2, so that dust opacity is negligible, we obtain
the following steady-state expression for N H, and the H,
abundance xH2=nH2/ n as a function of the column den-

sity of hydrogen nuclei, N=Nyx+2N H, in the PDR,
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4 N\

NHZZA N_o Ny, (7
4 N\

xH2=4A N—O . (8)

where A=y n/[414(0)] (note that Axn/Gy, a ratio
which controls the PDR structure). Equations (7) and
(8) are approximately correct if Ny=10"%cm 2<N H,
=10 cm™? and if N<10*' cm 2. Setting Xp,= 1/4 in Eq.
(8), we obtain the hydrogen nucleus column density Npg
in the PDR, where the gas is half molecular and half
atomic (the HI/H, interface or dissociation front):

NDF25A74/3N0. (9)

The dust opacity becomes important when Npg=5
%X 10" cm ™2, or when

Go/n=4x10"2, (10)
assuming yy,=3 X 1077 cm?®s™ L.
Self-shielding alone dominates H, dissociation and
hence the location of the HI/H, transition when G /n
=<4x10"%cm?. This includes diffuse clouds exposed to
the interstellar radiation field and dense clumps in PDRs
with higher far-ultraviolet fluxes. Because of the self-
shielding, the H, column and abundance increase rap-
idly with depth N or, equivalently, distance if the PDR
has constant n [see Egs. (7) and (8), NHZOCN4 and xy,
«N3]. Therefore the HI/H, transition zone is very sharp.
Photodissociation regions associated with bright far-
ultraviolet sources typically have G,/n~1 cm’. The lo-
cation of the HI/H, transition is then dominated by dust
absorption and typically occurs at A,=2. At that point,
dust has reduced the H, photodissociation rate suffi-
ciently that an appreciable column of H, can build up,
H, self-shielding takes over, and the HI/H, transition
will be very rapid again. For warm dense PDRs (n
=10°cm ™%, G,=10%), chemical destruction of H,
through reaction with abundant C* and O can change
the location of the HI/H, dissociation front from that
predicted by Eq. (9) (Bertoldi, 1998).

As discussed above, the line absorption of a far-
ultraviolet photon will pump H, molecules to a bound
excited electronic state, from which they will fluoresce
back to the vibrational continuum of the ground elec-
tronic state and dissociate (10—15% of the time) or they
will fluoresce back to an excited vibrational state in the
electronic ground state (85-90% of the time, Fig. 8).
Typically, a pump leads to a molecule with E;,~2 eV of
vibrational energy. At low densities, the excited (bound)
vibrational states can cascade down to the ground vibra-
tional state through the emission of IR photons, giving
rise to a characteristic far-red and near-IR rovibrational
spectrum (see Sec. IV.B). At high densities, n
=10 cm ™~ depending on 7 (Martin and Mandy, 1995;
Martin et al., 1996), collisions with atomic H can also be
an important deexcitation mechanism, leading to heat-
ing of the gas and thermalization of the rovibrational
states. The heating efficiency of this process is then ap-
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proximately ey =(E,/hv)fu,~0.17fy,. The fraction

of the far-ultraviolet photon flux pumping H, (13.6
=hvz11eV), fu,, depends on the location of the

HI/H, transition zone (Draine and Bertoldi, 1996).
Thus, when G/n<4x10"2cm?®, H, self-shielding is im-
portant, the H, transition is near the surface, and most
of the photons that can pump H, are absorbed by H,
rather than dust. Under these conditions, n>n_., and
Go/n=4X10"%cm’, f11,=025, and this process pro-
vides an efficient coupling to the far-ultraviolet photon
flux of the star. Figure 8 schematically summarizes H,
heating. Sternberg and Dalgarno (1989) and Burton,
Hollenbach, and Tielens (1990) provide a detailed de-
scription of how H, heating depends on G and n.

2. Non-Maxwellian chemistry

Neutral-neutral reactions are often endothermic
and/or possess appreciable activation barriers, since
bonds have to be broken or rearranged. In PDRs, reac-
tions of molecular hydrogen with C*, O, N, S*, and Si”*
are particularly important in initiating the chemistry.
Far-ultraviolet pumping of H, can lead to a vibrational
excitation temperature that is considerably higher than
the gas temperature. Reactions with vibrational hot H,
(H?) have been discussed in an astrophysical context by
Wagner and Graff (1987). Nonequilibrium excitation
conditions can give rise to reaction rates that are consid-
erably enhanced over the thermal ones (Gardiner, 1977;
Dalgarno, 1985). The reaction of atomic O with H, is a
case in point. In the ground state, this reaction is endot-
hermic by 1000 K and has an activation barrier of
=4500K. In contrast, the reaction of O(°P) with
H3 (v=1) is exothermic by =5000K and the reaction
rate is measured to be enhanced over the ground-state
rate by a factor of 3000 at 300 K (Light, 1978). Quantum
chemical studies show an even larger enhancement for
H, in higher vibrational states (Schinke and Lester,
1979; Schatz et al., 1981; Lee et al., 1982). Rotational ex-
citation can play a similar role in promoting this reaction
(Schinke and Lester, 1979; Herbst and Knudson, 1981;
Wagner and Graff, 1987), but that is of little importance
in PDRs.

Other reactions can likewise be affected by vibra-
tional excitation. Studies of the OH+Hj and C*+H3
reactions show a large enhancement with vibrational ex-
citation of H, (Light, 1978; Schinke and Lester, 1979;
Schatz and Elgersma, 1980; Schatz, 1981; Schatz et al.
1981; Lee et al., 1982; Jones et al., 1986). However, state-
to-state chemistry is very selective and, for example, vi-
brational excitation of OH does not enhance the reac-
tion rate of OH+H,. Since the vibrational excitation
energy of far-ultraviolet pumped H, (=2.5eV) is so
much larger than the typical activation barriers of reac-
tions of interest (=0.5—-1.0eV), most studies of the
chemistry in PDRs generally assume that reactions with
H3 occur at the collision rate. Nevertheless, it is not
always correct to assume that the activation barrier will
be reduced by the vibrational excitation energy of the
coreactants.
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Translational energy can also be effective in promot-
ing chemical reactions. In particular, the presence of tur-
bulence can lead to non-Maxwellian velocity fields and
hence non-Maxwellian reaction rates. This effect has
been evaluated in detail by Spaans et al. (1999) for the
reaction C*+H,, which is endothermic by 0.4 eV. Using
a detailed model for the cascade of interstellar turbu-
lence to the small size scales relevant for chemical reac-
tions and adopting measured reaction cross sections as a
function of translational energy, they report reaction
rates of 107 14=10"13 cm3s™! for the turbulent conditions
(Av=1-2 km/s) appropriate for PDRs. Because of their
larger activation barriers, the reactions O+H, and
N+H, are much less affected. Because of the absence of
reaction cross sections, Spaans and Jansen (in prepara-
tion; see Spaans, 1995) have evaluated in a simplified
way the effects of turbulence on sulfur chemistry. These
reaction rates can only be considered indicative until the
specific dependence of cross sections on translational
and vibrational excitation are known. Finally, Falgarone
et al. (1995) examined the enhancement of OH, H,O,
CH", and HCO" in turbulent PDRs.

3. PDR chemical networks

a. Oxygen and carbon

The most important reactions in the chemistry of car-
bon and oxygen compounds are schematically shown in
Fig. 9. Figure 9 is adapted from Sternberg and Dalgarno
(1995), who provide a detailed discussion of PDR chem-
istry. The emphasis here is on small species and, for ex-
ample, reactions of carbon hydrides with C* to form
species with two or more carbon atoms have been ig-
nored. The PDR surface layer consists largely of neutral
or cationic atoms created by photodissociation and ion-
ization reactions. Atomic O is in rapid equilibrium with
O" through charge exchange with protons produced by
cosmic-ray ionization of H. In regions with low far-
ultraviolet fields (i.e., the general diffuse ISM), the
chemistry of oxygen-bearing compounds is then initiated
by reactions of O" with H, (van Dishoeck, 1998). Sub-
sequent reactions with H, will lead to H,O" and H;O™.
These species dissociatively recombine to OH and H,O
(Fig. 9). However, in (warm) regions with high far-
ultraviolet fields, oxygen-bearing radicals (i.e., OH) are
built up through reactions of O with H} and H,. Most of
the OH produced is photodissociated again but a small
fraction reacts with C* to form CO™ which charge ex-
changes with H to form CO. Some CO™ is also formed
through the reaction of CH" with O (“burning”). The
CO photodissociates again.

The C*/C balance is generally dominated by photo-
lonization and radiative recombination reactions. A
small fraction of the C* reacts with H and H} to form
CH™. Likewise, a small fraction of the neutral C flows to
CH through reaction with H3 . Through reactions with
H, CH, and CH reform C* and C, respectively. Photo-
reactions are important for C, OH, and CO but, because
of their high reactivity, not for the small hydrocarbon
radicals and cations. With increasing depth in this so-

Rev. Mod. Phys., Vol. 71, No. 1, January 1999

called “‘radical” zone (but recall that, except for H,, it is
largely atomic), the chemistry involving small radicals,
such as the CH, family and OH, becomes more impor-
tant. In cool, low-density PDRs, reactions with far-
ultraviolet-pumped, vibrationally excited H} are impor-
tant, while in warm, high-density PDRs, reactions with
thermal H, molecules dominate. In the latter case, reac-
tions of C* with H, followed by dissociative electron
recombination of CH™ to C can be an important recom-
bination route for C*. This same reaction can be an
important destruction mechanism for warm H,. As the
depth increases, CO formation by burning of small neu-
tral radicals (i.e., CH, CH,) becomes more important
than the OH-driven channel. The CO™, produced
through the reaction of C* with OH, now reacts with H,
to form HCO™, which dissociatively recombines to CO.
This is the start of the C*/C/CO transition zone. Neu-
tralization of C* through charge transfer with atomic S
becomes a dominant source of C. Eventually, PDR
chemistry gives way to standard dark-cloud, ion-
molecule chemistry (Prasad and Huntress, 1980; Herbst
and Leung, 1989). Formation of OH and H,O is now
initiated through the reaction of Hy with O. Reactions
of atomic O with OH then form O,.

The transition from C* to CO occurs in PDRs, and
CO is used to trace molecular gas in the Galaxy (see
Sec. VI.B.3). As discussed above, the formation of CO is
via several gas-phase chemical routes, and the formation
rate tends to be relatively small because the reactants
tend to have low abundances. Therefore even a fairly
attenuated far-ultraviolet field can appreciably photodis-
sociate CO and produce C and C* deep into the cloud.
Photodissociation of CO has been studied in detail by
Bally and Langer (1982), Glassgold ef al. (1985), van
Dishoeck and Black (1988), Viala et al. (1988), and Lee
et al. (1996). High-resolution laboratory studies show
that CO photodissociation occurs through discrete ab-
sorption into predissociating bound states, implying that
CO is also affected by self-shielding (Eidelsberg et al.,
1992). Further complications arise because of line coin-
cidences with H and H,. CO shielding functions have
been tabulated by van Dishoeck and Black (1988) and
by Lee et al. (1996). For low ratios of G/n, the effects
of CO self-shielding can lead to isotopic fractionation
effects at the borders of clouds, where the rarer CO iso-
topes are preferentially photodissociated (Bally and
Langer, 1982; Chu and Watson, 1983; Glassgold et al.,
1985; van Dishoeck and Black, 1988; Viala et al., 1988;
Gredel et al., 1994; Minchin et al., 1995; Warin et al.,
1996; Keene, Schilke, et al. 1998). However, the location
of the C*/C/CO transition in bright PDRs is largely gov-
erned by dust extinction. Because of the much lower
abundance of CO relative to H,, the CO rarely builds up
sufficient column to self-shield in the Ay =<1 layer, and
the C*/C/CO transition is much less sharp than for
H/H,. Like H,, CO abundances can be appreciable near
the surfaces of dense clumps. However, that is not a re-
sult of self-shielding but rather reflects the high H, abun-
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FIG. 9. The most important reactions involved in the PDR chemistry of oxygen-bearing (left) and carbon-bearing (right) com-

pounds (adapted from Sternberg and Dalgarno, 1995).

dance near the surfaces of such clumps which leads to an
enhanced CO formation rate.

b. Nitrogen

Nitrogen chemistry in PDRs [Fig. 10(a)] has been dis-
cussed by Jansen er al. (1995a, 1995b), Sternberg and
Dalgarno (1995), Fuente et al. (1996), and Young Owl
et al. (1999) and by Pineau des Forets et al. (1990) for
dark clouds. At the surface, much of the nitrogen is kept
in atomic form by the strong far-ultraviolet flux. N
chemistry is then initiated by the reaction of atomic N
with vibrationally excited H, (H3}) to form NH. Reac-
tion with abundant C* and with H, then leads to the
molecular ion H,CN™, which dissociatively recombines
to HCN, HNC, and CN. The latter two form HCN
through reactions with H and H,. Far-ultraviolet pho-
tons drive the system back to N and C*. Deep in the
PDR, N, is, of course, the dominant N-bearing species.
Atomic N is liberated through reactions of N, with He™
(produced by cosmic-ray ionization). Reaction of N with
HCO (formed through charge exchange between HCO™
and neutral metals and PAHs) then leads to HCN for-
mation. Proton transfer, dissociative electron recombi-
nation, and reaction with H shuffle the HCN and HNC
species. Ammonia is never a very abundant molecule in
the PDR surface layers, because the reactions of atomic
N with H, have a high activation barrier. Deep inside,
NHj; is formed through a sequence of reactions starting
with OH+N—NO+H (see Pineau des Forets et al,
1990). NO reacts with C* or He™" to form N*. The latter
can rapidly react with H, to form the hydride ions,
NH,, and protonated ammonia dissociatively recom-
bines to NH; and NH,. NH, burns with atomic O to
NH+OH. NH also burns with atomic O to OH+N. In
contrast, the reaction of NH; with O has a 3000 K
Arrhenius factor. However, proton transfer of NH; with
HCO™ and H;O" leads back to NH,, which half of the
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time channels back to NH,, and this limits the abun-
dance of NHj; inside dense clouds.

c. Sulfur and silicon

Sulfur chemistry in PDRs [See Fig. 10(b)] has been
discussed by Jansen et al. (1995a, 1995b) and Sternberg
and Dalgarno (1995), and in dark cores by Prasad and
Huntress (1982), Millar and Herbst (1990), and Charn-
ley (1997). Because of its low ionization potential (10.4
eV), atomic sulfur is largely ionized at the surface and
recombines somewhat deeper in the PDR than C* (ion-
ization potential 11.3 eV). Neutral atomic sulfur is the
dominant sulfur species for much of the remainder of
the PDR (until Ay=8 for G,/n~1). Most of the PDR
studies published therefore considered only these two S
species (see Tielens and Hollenbach, 1985a). Around an
Ay of 4 (for G,/n=1), charge-exchange reactions of
neutral sulfur with C* are an important source of neu-
tral carbon (Tielens and Hollenbach, 1985c). As for ni-
trogen chemistry, the difficulty in initiating sulfur chem-
istry rests in the endothermicity of reactions of H, with
the dominant (sulfur) reservoir, S and S*. In a warm gas
at the surface, S™ can react with vibrationally excited HY
to form SH™. The reaction of the latter with H, is also
endothermic, but reaction with H} leads to H,S™. Be-
cause of these endothermicities, slow radiative associa-
tion reactions are actually very competitive; viz.,
S*+H,—H,S*+hv. However, overall, these chemical
pathways are very inefficient, and the abundance of sul-
fur hydrides is calculated to be small (<10~%).

Deep in the PDR (A=8), SO and SO, are predicted
to be abundant (Sternberg and Dalgarno, 1995). These
species are formed through neutral-neutral reactions
with OH, S+OH—SO+H, and SO+OH—SO,+H, as
well as through S+0,—SO+0. Both SO and SO, are
destroyed through reactions with He™. Some OCS (at
the 1078 level) is formed through the radiative associa-
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FIG. 10. The most important reactions involved in the PDR chemistry of (a) nitrogen, (b) sulfur, and (c) silicon compounds

(adapted from Sternberg and Dalgarno, 1995).

tion reaction of S with CO. The product of the reaction
of SO+C is somewhat controversial (Leen and Graff,
1988; Millar and Herbst, 1990). Rather than CS+O, the
dominant product may be CO+S. If the reaction SO+C
forms CS, then CS is abundant (=10"3) around A,
=8. Near the surface CS is formed through reactions of
S™ and S with small carbon hydrides, but it is then much
less abundant (=10"19),

It should be emphasized that, in general, interstellar
sulfur chemistry is not well understood. Observed abun-
dances of SO and SO, in dark clouds are in the range
1-5%x10"? and can only be explained by models if the
elemental sulfur abundance is depleted by a factor of
100 compared to solar. This missing sulfur is not in the
form of a refractory dust component, nor is it present in
the form of sulfur-bearing ices (Palumbo et al., 1997). In
PDRs and translucent clouds, H,S is observed to be
more abundant than current models predict. The origin
of this discrepancy is unclear.

Silicon chemistry in PDRs [see Fig. 10(c)] has been
discussed by Sternberg and Dalgarno (1995). With an
ionization potential of 8.2 eV, silicon is predominantly
ionized through the PDR to a depth of A,=6 (for
G,/n=1). Radiative recombination leads to neutral
atomic silicon. Deeper in the cloud, however, SiO be-
comes the dominant Si-bearing species. This is initiated
via the radiative association reaction between Si* and
H,, leading to SiH; . The latter can react with O to form
SiOH™, which dissociatively recombines to SiO (and to
Si). Reaction of SiO with OH then produces a fair
amount of SiO,. Both SiO and SiO, are destroyed
through reactions with He™.

d. Polycyclic aromatic hydrocarbons and PDR chemistry

The presence of an abundant population of large mol-
ecules (see Sec. II.C) can have a profound effect on the
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chemical composition of molecular clouds. As originally
discussed by Lepp and Dalgarno (1988), charge-transfer
reactions of neutral PAHs with cationic species provide
an efficient recombination channel. Particularly for
atomic cations, which otherwise recombine only rather
slowly radiatively, this can be of great importance. The
effects on the chemistry of PDRs have been discussed by
Lepp et al. (1988) and Bakes and Tielens (1998). The
charge balance of PAHs in PDRs has been discussed
extensively by Bakes and Tielens (1994) in connection
with their study of the photoelectric effect (see Sec.
I1.C.4). These studies show that, throughout most PDRs,
there is an appreciable (=0.5) fraction of neutral PAH
species. As expected, charge transfer of atomic cations
such as C*, S*, and Si* can lead to an appreciably in-
creased (by a factor of 2) column density of neutral at-
oms through the PDR (Bakes and Tielens, 1998). PAHs
can also provide a surface on which gas-phase species
can react. Indeed, PAHs and very small grains dominate
the surface area of the interstellar grain size distribution,
creating a different surface chemistry from that of
classical-sized grains (Tielens, 1993b). In particular,
when negatively charged PAHs are involved, an anion-
molecule chemistry can be initiated. Also, the reaction
heat liberated can lead to evaporation of the product
into the gas phase (Allen and Robinson, 1975). The
chemical effects on the composition of PDRs has not yet
been considered.

C. Interstellar PAHs and grain photoelectric heating
in PDRs

1. Observations of the unidentified infrared emission bands

The near- and mid-IR spectra observed towards HII
regions are dominated by emission features at 3.3, 6.2,
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7.7, 8.6, and 11.3 um, collectively known as the uniden-
tified infrared bands (UIR; Cohen et al., 1986, 1989;
Bregman et al., 1989; Roelfsema et al., 1996; Verstraete
et al., 1996). These emission features originate in the
PDRs adjacent to the ionized gas, as is evident from the
Orion Bar study shown in Fig. 2 (Tielens et al., 1993).
The UIR bands are a general characteristic of interstel-
lar material illuminated by far-ultraviolet photons. They
also dominate the IR spectra of reflection nebulae (e.g.,
NGC 2023 and NGC 7023; Sellgren et al., 1985), nuclei
of starburst galaxies (e.g., M82; Willner et al., 1977; Gen-
zel et al., 1998), the infrared cirrus discovered by IRAS
(Matilla ez al., 1996), and, in fact, the general diffuse
ISM of the Milky Way as well as other galaxies (Helou
et al., 1996, Onaka et al., 1996). The carrier of the UIR
bands has to be carbonaceous in nature, since these
bands are also prominent in C-rich planetary nebulae
which have only locally synthesized dust around them
(e.g., NGC 7027; Cohen et al., 1985; Graham et al.,
1993).

Figure 11 shows spectra obtained with the Short-
Wavelength Spectrometer (SWS) on board the Infrared
Space Observatory (ISO) of a number of HII regions,
illustrating the incredible richness of the UIR spectrum
(Roelfsema et al., 1996). Besides the five main features,
an additional =15 weaker ones, not always the same
ones, can be recognized in each spectrum. Here we point
out the presence of a feature at 6.0 um, the splitting up
of the 7.7 um feature into components at 7.6 and 7.8 um,
and the 11.0 um band. Some of these details were al-
ready known from ground-based or airborne data (Breg-
man, 1989; Roche et al., 1991).

An important characteristic of the UIR spectra is
their detailed variation from source to source. First, not
all the weaker features are present in all sources and,
when perused in detail, each spectrum is unique, imply-
ing that the carriers of the UIR bands are sensitive to
the local physical conditions (Geballe, 1997). Obvious
examples are the relative strengths of the 7.6 and 7.8 um
components which make up the 7.7 um feature, the fea-
tures in the 3.3-3.6 um range, and the 11 to 15 um re-
gion with the 11.0, 11.3, 12.7, and underlying plateau
emission (Fig. 11; Bregman, 1989; Jourdain de Muizon
et al., 1990; Roche et al., 1991). The best studied ex-
ample, the ratio of the 3.4/3.3 um features, varies sys-
tematically with distance into the Orion Bar PDR,
pointing to photochemically driven variations tied to the
penetration of the far-ultraviolet flux from the exciting
star ' C Ori into the PDR (Geballe et al., 1989; Joblin
et al., 1996). Second, in a few specific sources, major dif-
ferences exist. For example, in a few regions, the 8.6 um
band dwarfs the normally much stronger 7.7 um band
(Roelfsema et al., 1996; Verstraete et al., 1996). Appar-
ently, in these very specific sources, additional species
are present that are either rapidly destroyed or not
formed in other sources. These variations point towards
a material or family of related species whose composi-
tion is readily modified by the local physical conditions
and yet is not easily destroyed.
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2. Unidentified infrared emission bands
and interstellar PAH molecules

The UIR bands are characteristic of aromatic hydro-
carbon materials (Duley and Williams, 1981; Léger and
Puget, 1984; Allamandola et al., 1985). The 3.3, 8.6 and
11.3 wm bands are due to the stretching and in-plane
and out-of-plane bending modes of the aromatic C-H
bond. The 6.2 and 7.7 um bands are due to C-C stretch-
ing modes. While the assignment of the UIR bands to
vibrations of aromatic structures is generally agreed
upon, the identification with PAH molecules rather than
carbonaceous solids is still doubted in some circles.
There are spectroscopic arguments against a solid car-
rier for the UIR bands (e.g., Tielens, 1998). However,
the key argument relies on an analysis of the energetics
involved (Sellgren, 1984). The UIR bands are still very
bright far from the illuminating star, where dust grains
in radiative equilibrium would be too cool to emit in the
near and mid infrared. For example, in the Orion Bar
the 3.3 um feature peaks in the PDR that is =2 from 6'
Ori C (Fig. 2), where the dust temperature, derived from
the far-infrared continuum, is only 75 K (Werner et al.,
1976). Studies with ISO and with the Japanese satellite
IRTS have reinforced this argument. Even the IR spec-
trum of the entire diffuse ISM in the Milky Way and
other galaxies shows strong bands, dominating the near
and mid-infrared spectrum (Mattila et al., 1996; Onaka
et al., 1996). Dust heated by the interstellar radiation
field reaches radiative temperatures of =15(a/
3000 A)*?K. In contrast, the observed emission tem-
perature of the UIR bands is =650K. As a result, it is
now generally accepted that the emission is due to small
species which, because of their limited heat capacity, are
heated to high temperatures through the absorption of a
single far-ultraviolet photon, i.e., T=1500(Eryy/
N,)* K, where Epyy is the photon energy in eV and N,
the number of carbon atoms. The observed emission
temperature then corresponds to species with =50 car-
bon atoms for a typical photon energy of 10 eV. The
combination of this size and the aromatic hydrocarbon
structure therefore pinpoints PAH molecules.

It has sometimes been suggested that aromatic mo-
lecular moieties within a carbonaceous solid could be
thermally isolated from the rest of the solid structure
and emit as isolated molecules (Duley and Williams,
1988). Direct transfer of vibrational excitation from the
fundamental modes of these moieties (=1500cm™?) to
the phonons modes (=50cm™!) is improbable because
many phonons (=30) have to be excited at the same
time. However, energy transfer within solids occurs step-
wise (Tielens, 1993b) where the excitation of one vibra-
tional mode is transferred to another mode slightly
lower in energy, with the simultaneous excitation of a
low-energy phonon. In this way the excitation energy
cascades down the vibrational ladder until everything is
transferred to the phonon modes in =30 steps. Exten-
sive experimental and theoretical studies on energy
transfer in mothballs (Dlott, 1989)—a solid consisting of
the two-ringed PAH naphthalene, bonded by weak van
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FIG. 11. The unidentified infrared bands in the (continuum
subtracted) ISO short-wavelength spectrometer spectra of a
sample of compact HII regions and associated PDRs (Roelf-
sema et al., 1996). The bands primarily arise from the PDRs.
The sources are IRAS: (a) 18116—1646; (b) 18162—2048; (c)
19442+2427; (d) 21190+5140; (e) 22308+5812; and (f)
18434—0242.

der Waals interactions, and an extreme example of the
solid structures envisioned in these “UIR by solids”
proposals—show that the energy cascade from the vibra-
tions to the long-wavelength phonons takes about
1077 s. This energy transfer is fast because there are so
many accepting modes close in frequency—recall the
richness of the aromatic spectrum. In contrast, the IR
emission time scale is 0.1 s. Hence only about 10~% of
the total vibrational excitation energy would be emitted
in the near- and mid-IR fundamental vibrational modes
in a solid; the remainder would give rise to a far-IR
phonon continuum. In contrast, the observed ratio of
the UIR bands to the far-IR continuum is 5% in astro-
nomical sources. The conclusion is inescapable: The
UIR bands are carried by small (=50 C atoms) PAH
molecules.
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FIG. 12. The derived interstellar grain size distribution. The
squares indicate abundances of the carriers of the unidentified
infrared bands (PAHs), the underlying plateaus (clusters), and
the 25 and 60 um cirrus emissions. The MRN (Mathis, Rumpl,
and Nordsieck, 1977) grain size distribution derived from ob-
servations of extinction of starlight is also indicated.

3. The grain size distribution

The abundance of PAHs can be derived rather di-
rectly from the observations. The UIR bands are ob-
served to contain about 5% of the total IR flux from
PDRs. Hence PAHs absorb about 5% of the incident
far-ultraviolet flux; the remainder is absorbed by larger
dust grains and reradiated as far-infrared continuum.
Adopting standard dust properties (Apyy/A,=1.8;
Ny/A,=1.9%x10*'cm?mag™') and a typical far-
ultraviolet absorption cross section of 10~ cm ™2 per C
atom, we find about 1% of the elemental C has to be
locked up in PAHs. With a typical PAH size of 50 C
atoms, the abundance of PAHs relative to hydrogen is
about 10~7 (Allamandola et al., 1985).

Measured IR spectra also show broad emission pla-
teaus underlying the UIR bands (Bregman et al., 1989;
Cohen et al., 1989). The strength of these plateaus rela-
tive to the UIR bands varies with position in the Orion
Bar and hence these plateaus are carried by an indepen-
dent “dust” component. Spectroscopically, an aromatic
carrier is again called for, but the size is somewhat larger
than for the UIR band carriers (=400 C atoms; Breg-
man et al., 1989). These species are often called clusters,
indicating that they might consist of several PAHs stuck
together in a three—dimensional structure (Tielens,
1990a, 1990b). The abundance of these clusters can be
derived in a manner analogous to that for PAH abun-
dances (see Fig. 12). The 25 and 60 um cirrus reveals the
presence of even larger (up to 10° C atoms) species,
which fluctuate in temperature (Draine and Anderson,
1985). The resulting grain size distribution is summa-
rized in Fig. 12. It seems that the interstellar grain size
distribution extends all the way from the molecular-
sized PAHs up to “macroscopic’ carbon dust particles
(Draine and Anderson, 1985; Tielens, 1990b).

4. Photoelectric heating

Photoelectric heating is dominated by the smallest
grains present in the ISM (Watson, 1972; Jura, 1976).
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Photoelectric Heating by PAHs and Grains
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FIG. 13. A schematic of the photoelectric heating mechanism.
A far-ultraviolet photon absorbed by a dust grain creates a
photoelectron which diffuses through the grain until it loses all
its excess energy due to collisions with the matrix or finds the
surface and escapes. For PAHs, the diffusion plays no role. A
simple expression for the heating efficiency e is indicated. See
text for details.

Therefore PAHs and very small grains play an impor-
tant role in the heating of interstellar gas (d’Hendecourt
and Léger, 1987; Lepp and Dalgarno, 1988; Verstraete
et al., 1990; Bakes and Tielens, 1994).

Figure 13 schematically shows the physics associated
with the photoelectric effect on interstellar grains and
PAHs. Far-ultraviolet photons absorbed by a grain will
create energetic (several eV) electrons. These electrons
may diffuse in the grain, reach the surface, overcome the
work function W of the grain and any Coulomb poten-
tial ¢, if the grain is positively charged, and be injected
into the gas phase with excess kinetic energy. The effi-
CIeNcy €y, Of the photoelectric effect on a grain, or the
ratio of gas heating rate to the grain far-ultraviolet ab-
sorption rate, is then given by the yield Y, which mea-
sures the probability that the electron escapes, times the
fraction of the photon energy carried away as kinetic
energy by the electron; viz.,

hv—W-—
€grain™ Y(]/l—yqsc . (11)

The yield is a complex function of the grain size a, the
collision length scale for low-energy electrons in solids
/. (=10A), the far-ultraviolet absorption length scale
inside a grain, 7, (=100A), and the photon energy hv
(Watson, 1972; Draine, 1978; Bakes and Tielens, 1994).
For large grains and photon energies well above thresh-
old, the photons are absorbed ~100 A inside the grain
and the photoelectrons rarely escape (Y~/,//,=0.1).
With a typical far-ultraviolet photon energy of 10 eV
and a work function of 5 eV, the maximum efficiency is
only 0.05. Generally, because of positive charging, the
efficiency will be much less. A simple, semiempirical
model was developed by de Jong (1977) for the charging
of interstellar grains and its effect on the photoelectric
efficiency. The parameters in this model were then fit to
the heating rates of interstellar gas inferred from Coper-
nicus observations (Pottasch et al., 1979). Draine (1978)
derived a similar grain photoelectric heating model,
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based on laboratory studies and theoretical consider-
ations. The de Jong model formed the basis for the early
models of dense PDRs (see Tielens and Hollenbach,
1985a).

In recent years, these models have been extended to
include very small grains and PAH molecules. While
some of the photon energy may remain behind as elec-
tronic excitation energy (~0.5), the yield is much higher
for planar PAH molecules than for classical-sized grains.
The limiting factor is now that the ionization potential
IP of a charged PAH can be larger than 13.6 eV. Far-
ultraviolet photons absorbed by such a PAH cation do
not lead to the creation of a photoelectron or, therefore,
to any gas heating. The ionization potential is given
by IP=W+¢,=W+(Z+0.5)e>/C=W+(Z+0.5)me?/
2a, where W is the work function of bulk graphite, ¢, is
the Coulomb potential, Z is the PAH charge, a is the
PAH “radius,” and C is the capacitance of the PAH.
For compact PAHs, C is 2a/w. In the limit of large
grains, the ionization potential goes to the bulk work
function, but for small sizes and positive charge, IP can
exceed 13.6 eV. For example, the second ionization po-
tential of pyrene, C;cH;q, is 16.6 eV, well above the hy-
drogen ionization limit (Leach, 1987). The photoelectric
heating efficiency €p4y for small PAHs is then reduced
by the fraction f,, of PAHs that can still be ionized by
far-ultraviolet photons, viz.,

1 (hv—IP
EpPAH= Efn( T) .

Thus, with a typical photon energy of 10 eV and an ion-
ization potential of 7 eV, the maximum efficiency is 0.15.

Bakes and Tielens (1994) have calculated the photo-
electric heating by a grain size distribution that extends
into the molecular PAH domain. A typical result of this
calculation is shown in Fig. 14, which shows that about
half the gas heating is due to grains with sizes less than
15 A (N,=1500C atoms). The other half originates in
grains with sizes between 15 and 100 A (1500<N,<5
X 10° C atoms). Grains larger than 100 A contribute
negligibly to the photoelectric heating of the interstellar
gas.

The photoelectric heating efficiency € depends on the
charge of a grain. A higher charge implies a higher Cou-
lomb barrier (i.e., higher ionization potential) that has to
be overcome. Thus a smaller fraction of the electrons
“dislodged” in the grain will escape. Moreover, those
that do escape will carry away less Kinetic energy (de
Jong, 1977). For PAHs, the charge determines whether
further ionizations can still occur. Hence the photoelec-
tric heating efficiency will depend on the ratio vy of the
photoionization rate over the recombination rate of
electrons with neutral grains/PAHs. When y(*xG/n,)
is small, grains/PAHs are predominantly neutral and the
photoelectric heating has the highest efficiency. When y
increases, the grains/PAHs will charge up and the pho-
toelectric efficiency will drop. Extensive theoretical cal-
culations on the heating by an MRN (Mathis, Rumpl,
and Nordsieck, 1977) grain size distribution of PAHs
and small grains, including the effects of charge, have

(12)
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FIG. 14. The contribution to the photoelectric heating of in-
terstellar gas by grains of different sizes (Bakes and Tielens,
1994). The results of these calculations are presented in such a
way that equal areas under the curve correspond to equal con-
tributions to the heating. Species with =50 C atoms are the
carriers of the IR emission features at 3.3, 6.2, 7.7, and 11.3
pum. The plateaus underneath these features and the 12 um
cirrus are carried by somewhat larger species (=200 C atoms).
The 25 and 60 um cirrus correspond to species with 5X 10* and
5% 10’ C atoms, respectively.

been performed by Bakes and Tielens (1994) and the
resulting efficiencies € (ratio of gas heating to far-
ultraviolet absorption rate of grains and PAHs) have
been fitted to a simple analytical formula,

_ 487x1072 | 365 1072(T/10%)"7
T 144x10 3,07 1+2X10 %y,
with  y,=G,T"*/n,. For neutral grains (v,

<10°K"cm’), a maximum efficiency of ~5% is
reached.

(13)

D. Heating and cooling

Two main mechanisms couple the gas to the far-
ultraviolet photon energy of stars: the photoelectric ef-
fect on PAHs and small dust grains and far-ultraviolet
pumping of H, molecules followed by collisional deexci-
tation. These heating mechanisms have been treated in
Secs. 11.B.1 and II.C.4. Other heating mechanisms—gas
collisions with warm grains, cosmic-ray ionization and
excitation, ionization of C, pumping of gas particles to
excited states by the far-infrared radiation field of the
warm dust followed by collisional deexcitation—play
only a limited role in the heating or become important
at great depth in the PDR (Tielens and Hollenbach,
1985a).

The gas in PDRs is cooled by far-infrared fine-
structure lines, such as [CII] 158 um, [OI] 63, 146 um,
[SilI] 35 wm, [CI] 609, 370 um, and by molecular rota-
tional lines, particularly of CO and H,. The dominent
coolants in the PDR surface (Ay=<1), where most of
the far-ultraviolet flux is absorbed, are generally the
[CII] and [OI] fine-structure lines. Figure 15 shows their
energy-level diagrams. For high densities and G, the
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FIG. 15. The energy-level diagrams for the fine-structure lev-
els of [OI] and [CII]. The Einstein A values and the critical
densities (n>n,, means local thermal equilibrium) for colli-
sions with neutral hydrogen are also shown.

gas at the surface of the PDR attains temperatures
=5000K, and significant cooling in [Fell](1.26, 1.64
um), [OI] 6300 A, and [SII] 6730 A results (Burton,
Hollenbach, and Tielens, 1990).9 At high gas density,
cooling by collisions with the cooler dust grains may be
significant (Burke and Hollenbach, 1983). The local, ra-
diative cooling rate of a species is also affected by radia-
tive transfer and, hence, depends on the global distribu-
tion of the level populations throughout the PDR. In
PDR studies, generally, the escape probability (Sobolev
approximation) formalism is used to calculate the local
cooling rate. Comparison with full-scale radiative trans-
fer codes, which solve the radiative transfer and level
populations self-consistently throughout the cloud, show
good agreement with the Sobolev approximation for the
level populations as well as the total intensity of the
cooling line, provided the optical depth to the surface is
calculated from the actual column density in the rel-
evant states rather than approximated from the local
level populations (Wolfire et al., 1993). As a result, in
semi-infinite slabs the PDR temperature structure can
be calculated from the outside to the inside without the

Convenient fitting formulae for the collisional excitation
rates have been published by Tielens and Hollenbach (1985a),
Hollenbach and McKee (1989), and Spaans et al. (1994) for the
atomic fine structure and forbidden lines, by Hollenbach and
McKee (1979), McKee et al. (1982), Draine and Roberge
(1984), and Schinke et al. (1985) for rotational transitions of
CO, and by Martin and Mandy (1995) and Martin et al. (1996)
for rovibrational transitions of H,.
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need for global iterations. However, for clumpy and tur-
bulent clouds, line transfer can be very complicated
when photons escape through 4 sterradians (Koster
et al.,, 1994; Storzer et al., 1996) and when line transfer
occurs between clumps or between clumps and an inter-
clump medium (Hegmann and Kegel, 1996; Spaans,
1996).

lll. PDR MODELS
A. Steady-state, stationary PDR models

Considerable effort has been expended over the past
two decades in constructing PDR models with the as-
sumption of thermal and chemical balance and ignoring
any flow through the PDR. Basically, this is equivalent
to assuming that the time scale for H, formation on
grains, 7-Hz~(109 cm3/n) years, which dominates the

chemical time scales, is short compared to the dynamical
time scales or the time scales for significant change in
the far-ultraviolet flux. Equilibrium PDR models of the
transition of H to H, and C* to CO, including dust at-
tenuation and self-shielding of the far-ultraviolet flux,
have a long history.!® Models focusing on the H, spec-
trum are discussed in Sec. IV.B and on diffuse, translu-
cent, and molecular clouds in the interstellar radiation
field (Gy~1) in Sec. VI. However, intense far-
ultraviolet fields (Gy>1) and high Ay often character-
ize dense PDRs. Tielens and Hollenbach (1985a), Stern-
berg and Dalgarno (1989), Hollenbach et al. (1991),
Abgrall eral (1992), Le Bourlot eral. (1993, 1995),
Diaz-Miller et al. (1998), and Luhman etral (1997)
model the thermal balance and chemistry in one-
dimensional, homogeneous PDRs subjected to a range
of elevated far-ultraviolet fluxes.

Generally, these models consider a plane-parallel,
semi-infinite slab illuminated from one side by an in-
tense far-ultraviolet field. Figure 16 shows a typical case
with G,/n>4x10"2 cm?, so that H, does not self-shield
until dust attenuation of the far-ultraviolet flux is signifi-
cant. The penetrating far-ultraviolet photons create an
atomic surface layer. At a depth corresponding to Ay
=2, the transition from atomic H to molecular H, oc-
curs. Because of rapid photodestruction, vibrationally
excited molecular hydrogen, H} , does not peak until
Ay~2. Because of dust attenuation, the carbon balance
shifts from C* to C and CO at A ,=4. The second peak
in the neutral-carbon abundance results from charge ex-
change between C* and S. Except for the O locked up in
CO, essentially all the oxygen is in atomic form until

10T ransition models include those of Hollenbach et al., 1971;
Jura, 1974; Glassgold and Langer, 1975; Langer, 1976; Black
and Dalgarno, 1977; Clavel et al., 1978; Federman et al., 1979;
de Jong et al., 1980; van Dishoeck and Black, 1986, 1988; Viala,
1986; Viala et al., 1988; Sternberg, 1988; Abgrall et al., 1992;
Heck et al., 1992, 1993; Andersson and Wannier, 1993; Koster
et al., 1994; Jansen et al., 1995a, 1995b; Draine and Bertoldi,
1996; Storzer et al., 1996; Warin et al., 1996.
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FIG. 16. Calculated structure of the PDR in Orion (n=2.3
X 10° cm™3, G¢=10%) as a function of visual extinction A, in
the PDR (Tielens and Hollenbach, 1985b). The illuminating
source is to the left. Top two panels: Abundances relative to
total hydrogen. Third panel: Gas and dust temperatures. Bot-
tom panel: Cooling in the various gas lines.

very deep in the cloud A ,~8. Because of their low ion-
ization potential, trace species such as S can remain ion-
ized through a substantial portion of the photodissocia-
tion region.

Besides the chemical composition, the far-ultraviolet
photons also control the energy balance of the gas
through the photoelectric effect (see Sec. 11.C). Typi-
cally, about 0.1-1% of the far-ultraviolet energy is con-
verted into gas heating this way. The rest is emitted as
far-infrared dust continuum radiation. The gas in the
surface layer is then much warmer (=500K) than the
dust (30-75 K). Somewhat deeper into the PDR (A,
>4), penetrating red and near-IR photons keep the
dust warm, and gas-grain collisions couple the gas to
slightly below the dust temperature. In PDRs, the gas
cools through the far-infrared fine-structure lines of
mainly [OI] 63 um and [CII] 158 um at the surface and
the rotational lines of CO deeper into the PDR. Figure
16 quantitatively shows this chemical and thermal struc-
ture for conditions appropriate for the Orion PDR be-
hind the Trapezium stars.
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Recently, models have been constructed of clumpy
PDRs, many of them focused on the C*/C/CO transition
and the origin of [CI], H, 2-um, and CO rotational
emission.!! In addition, specialized models have been
constructed to explain CI fine structure, near-red, and
radio recombination lines, as well as various aspects of
molecular chemistry. We discuss these in separate sec-
tions of this paper.

B. Time-dependent and nonstationary PDRs

There are two basic phenomena that can cause signifi-
cant time-dependent effects on the chemical abundances
and temperatures in a PDR. The first is a change of G
or n in a smaller time scale than TH, the time scale for

H, formation or destruction. For example, an O or B
star suddenly “‘turns on” in a cloud, clumps moving in
PDRs produce rapid shadowing effects, or a photodisso-
ciation shell quickly expands around the central star of a
planetary nebula. The second, viewed in the frame of
the ionization front, is the flow of the neutral gas
through the PDR (hence ‘“‘nonstationary PDR”) in a
time short compared to 7y, . In this case, the chemical

and thermal structure can achieve a steady state, but the
resulting structure differs from the structure of a station-
ary PDR because of the rapid advection of molecular
material from the shielded regions into the surface
zones. In both cases H, is the most likely species to go
out of equilibrium, because of its relatively slow forma-
tion rate on grain surfaces and its slow destruction rate
by (self-shielded) photodissociation. The H,, in turn, af-
fects the temperature structure and the chemical abun-
dances of the other species. Assuming that the H, for-
mation rate is dominated by grain surface catalysis [Eq.
(4)] and its destruction rate is dominated by far-
ultraviolet photodissociation [Eq. (5)], we find that the
time-dependent rate equation for H, is

al’le c?(nsz)

—— =Yg~ fsniera€ 871001 i (0)ny — .
ot 7H2 H fshleld dlSS( ) H, Jz

(14)

If the left-hand side of Eq. (14) is zero, then the H, has
achieved steady state. The last term on the right-hand
side represents the advection term due to material flow-
ing at speed v through the PDR. If this term is also
negligible, then the PDR is both steady state and sta-
tionary, a condition commonly called “‘equilibrium” in
the literature.

Hill and Hollenbach (1978), London (1978), and
Roger and Dewdney (1992) consider the time-
dependent evolution of the ionization front and H, dis-
sociation front when O or B stars suddenly turn on in a

11Clumpy PDR models include those of Burton, Hollenbach,
and Tielens, 1990b; Tauber and Goldsmith, 1990; Gierens
et al., 1992; Meixner and Tielens, 1993; Wolfire et al., 1993;
Koster et al., 1994; Hegmann and Kegel, 1996; Spaans, 1996;
Storzer et al., 1996; Spaans and van Dishoeck, 1997.
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neutral cloud. Goldshmidt and Sternberg (1995) look in
detail at the enhancement of H, fluorescent emission
when a low-density (n=<10*cm™%) molecular cloud is
suddenly illuminated with intense far-ultraviolet radia-
tion; Hollenbach and Natta (1995) examine the colli-
sionally modified H, spectra when n>10* cm 3. Storzer
et al. (1997) study the temporary enhancement of C°
abundance and [CI] emission caused by C* recombina-
tion when the far-ultraviolet flux is suddenly shadowed
by moving, opaque clumps. Monteiro (1991) finds a
similar enhancement for rotating clumps in PDRs.
Gerola and Glassgold (1978), Tarafdar et al. (1985),
Prasad et al. (1991), Heck et al. (1992), Lee et al. (1996),
Nelson and Langer (1997), and Shematovich et al.
(1997) examine the time-dependent evolution of diffuse
atomic clouds into molecular clouds and the collapse to-
ward star formation. Lee et al (1996) also study the
time-dependent chemistry of an inhomogeneous mo-
lecular cloud suddenly exposed to far-ultraviolet radia-
tion. Bergin et al. (1997) produce both steady-state and
time-dependent PDR chemical models of giant molecu-
lar cloud cores.

The first PDR modeling to incorporate fast flows or
advection were chemical models that used rapid turbu-
lent eddies or diffusion to mix molecular gas from
opaque molecular cores with surface photodissociated
gas (Phillips and Huggins, 1981; Boland and de Jong,
1982; Williams and Hartquist, 1984, 1991; Chieze and
Pineau des Foreéts, 1989, 1990; Chieze et al., 1991; Xie
et al., 1996). Recently, Bertoldi and Draine (1996) have
discussed in detail the time-dependent effect on the
PDR structure of the advance of the ionization front and
dissociation front through a cloud. In this case the
“flow” velocity is equivalent to the speed vppr of the
ionization front advancing into the PDR. Figure 17 sche-
matically diagrams such a nonstationary PDR. The ad-
vected flow is relatively fast when the photoevaporating
HII gas is free to flow to lower-pressure regions, as in
the case of neutral clumps photoevaporating well inside
an HII region; in these cases the flow speed in the HII
gas near the ionization front is of order the sound speed
cyi- Assuming approximate thermal pressure equilib-
rium between the photoevaporating HII gas and the
neutral PDR gas on the other side of the ionization
front, and assuming a typical PDR temperature of
~1000K, one obtains the PDR density nppr=20ny;-
Assuming that the free-flowing HII gas evaporates from
the ionization front at cyy~10kms™!, the flow speed
vppr~ (nun/nppr)cyn through the PDR is about
0.5kms~!. The flow time through the PDR is 7ppg
=(Nppr/nepr)/vppr - Equating 7ppg to 73, we obtain
a critical flow speed of ~0.7kms™!, above which the H,
abundance may be significantly higher than its ““station-
ary” (no-flow) value.

The fact that for free-flowing gas the estimated vppgr
is so close to the estimated critical speed indicates that
nonstationary PDRs may be important. Bertoldi and
Draine (1996) show how vppr can be related to the
extreme-ultraviolet flux reaching the ionization front,
since these photons create the new ionizations which
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FIG. 17. Schematic of a nonstationary PDR (Storzer and Hollenbach, 1998). The Lyman continuum flux eats into the neutral gas;
in the frame of the ionization front IF, the neutral gas flows through the IF at vppz and then accelerates to vy~ cyyy in the HII
region. HI/H, marks the position of the dissociation front if the flow is slow, where N is the hydrogen column from the ionization
front. If the flow is sufficiently fast (=0.7 kms™!, see text), then the H, photodissociation time is long compared to the travel time
t; across the region between HI/H, and the ionization front, and the H, survives to the ionization front. In this case, the chemistry
of the PDR is far from the steady-state values for stationary PDRs because of the rapid advection of H,.

push the front into the PDR. The extreme-ultraviolet
flux depends on the dust attenuation in the ionized gas
and the morphology (e.g., size of clump and distance
from star) of the region. This morphology determines
the geometrical dilution of the flux and the extreme-
ultraviolet attenuation by recombined atomic hydrogen
in the predominantly ionized evaporative flow. Bertoldi
and Draine argue that for a broad range of conditions,
including the famous photodissociation region in Orion
(Figs. 1 and 2), time-dependent effects may be of some
importance.

Much larger effects can be expected when the H, sur-
vives all the way to the ionization front as it flows from
the opaque regions, leading to the merging of the disso-
ciation front with the ionization front. In this case the
critical question, for relatively high far-ultraviolet fluxes,
is whether the self-shielded H, at a column N
~10'em™? (or 7pyy~1, where it emerges from dust
shielding) has a dissociation time scale long compared to
the flow time 7ppr across this destructive region. This
comparison results in the condition

vppr=3(Gy/n)kms™!

(15)
for H, to survive to the ionization front, where n is in
cm 3. Bertoldi and Draine (1996) quantitatively deter-
mine when the ionization and dissociation fronts merge.
Qualitatively, the merger tends to occur for hotter stars
(with a high ratio of extreme-ultraviolet to far-
ultraviolet photons), illuminating clumps or clouds with
a geometry such that relatively little attenuation of the
extreme-ultraviolet flux occurs by recombining hydro-
gen in the evaporating flow or HII region (e.g., a small,
freely evaporating clump near the hot star). Apparently,
the condition is not met in the Orion Bar (Fig. 2), since
the observed layered structure clearly shows the H, off-
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set from the ionization front; in fact, Tielens et al.
(1993a, 1993b) find good agreement with steady-state,
stationary PDR models.

The consequences of rapid advection through PDRs
have not yet been fully determined. Bertoldi and Draine
(1996) suggest that Hy may be produced in a merged
ionization/dissociation front and that enhanced H, infra-
red emission and reduced HI columns will result. Con-
siderable effort is currently directed at numerically mod-
eling these nonstationary PDRs. Storzer and Hollenbach
(1998) confirm Eq. (15) for cases with moderately high
Gy=10*-10° and n=<10°—10°. However, for higher n
and G, H, is destroyed by C* and O in the warm PDR
before reaching the ionization front, even when Eq. (15)
is satisfied. Although H, may survive to the ionization
front when vppg satisfies Eq. (15), the C* and O often
remain abundant in the region A,<2 because of the
much shorter photodissociation time scale for CO. In
addition, the PDR temperature remains high
(~1000K) so that the [CII] 158-um and [OI] 63-um
intensities are relatively unchanged from the stationary
case. Therefore it is still possible to estimate the physical
conditions in nonstationary PDRs by comparing the in-
tensities of these lines and the infrared continuum with
stationary PDR models. However, as predicted by Ber-
toldi and Draine (1996), the H, infrared line intensities
are enhanced. Storzer and Hollenbach find enhance-
ment factors of at most 2-3.

C. PDR models of photoevaporating protoplanetary disks

Nonstationary PDR models may find interesting ap-
plication in the photoevaporating protoplanetary disks
found in the Orion nebula (Churchwell et al, 1987;
O’Dell et al., 1993). These objects, called “proplyds” by
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FIG. 18. Schematic diagram showing three distinct regions
through which far-ultraviolet-dominated flows pass (Johnstone
et al., 1998). In the case of proplyds, r, is the disk radius and
neutral material is launched at v, (1-2 times the sonic speed)
from the disk, passes through an isothermal shock at r,, moves
subsonically at v; through a shell between the shock front and
the ionization front, flows into the D-type ionization front at
v;p~05kms™!, and is ionized and accelerated to v, (1-2
times the HII sonic speed) in the 10* K HII gas to the left of
the ionization front.

O’Dell for PROtoPLanetarY DiskS, are generally seen
in radio free-free images (Churchwell et al., 1987; Garay
et al., 1987; Felli et al., 1993) or optical and near-infrared
images (Laques and Vidal, 1979; O’Dell et al., 1993; Mc-
Caughrean and Stauffer, 1994; O’Dell and Wen, 1994;
Stauffer et al., 1994; McCullough et al., 1995; O’Dell and
Wong, 1996; Bally et al., 1998) of their bright ionization
fronts, their central low-mass star (M ~0.3M ; Hillen-
brand, 1997), or their silhouetted disks. The ionization
fronts are often about 100 AU from the central star and
are cometary in shape, with their tails pointing away
from the ultraviolet-luminous, massive star ' Ori C.
The disks, when seen in silhouette, are also of order 100
AU in size, although there is sometimes a significant
separation between disk and ionization front. Over 50
ionization fronts have been observed within roughly 0.1
pc of #! Ori C, and in 14 of them a central disk is seen
either in silhouette using the background [OIII] emis-
sion of the Orion HII region or in [OI] 6300 A emission
(see, for example, Bally et al., 1998).

Churchwell et al. (1987) were the first to suggest that
these objects were photoevaporating disks around low-
mass stars externally illuminated by #! Ori C. Johnstone
et al. (1998) modeled the region between the disk and
the ionization front as a photodissociation region and
showed that in a number of cases it is the pressurized
PDR gas which initiates the photoevaporation, setting
up a supersonic neutral PDR wind. Figure 18 schemati-
cally diagrams these PDR-dominated flows. The super-
sonic PDR wind shocks and then moves subsonically
through the stationary (D-type) ionization front. The
models and observations determine mass loss rates
~10""Mg yr~! for 41 observed objects. Assuming that
the surface density in the disk decreases outwards, the
disk photoevaporates from outside in, and the disk
shrinks in size with time. If the surface density % in the
disk follows a power law, X ocr~ ¢ with 0 a<2, most of
the mass of the disk is contained in its outer regions, and

the current mass of the disk is given by ~M fevap» Where
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M is the current mass loss rate and fevap 18 the evapora-
tion time scale (~10° years).

Johnstone et al. derive disk masses (~0.01My), disk
sizes when not directly observed (~3X10*cm), and
disk lifetimes (~10°"%yr), and constrain a (~1.5) by
applying their PDR models to proplyds in Orion. The
photoevaporation lifetimes are shorter than the giant
planet formation time scales inferred for the solar
nebula, indicating that giant outer planets may only
form around the fraction of low-mass stars born in more
isolated, and less hostile, environments than the cluster
of stars around #' Ori C.

D. PDR models with cool sources

Most PDR models (and observations) have concen-
trated on bright PDRs created by O stars on nearby
molecular gas. However, the Infrared Space Observa-
tory (ISO) has allowed studies of much fainter PDRs
associated with reflection nebulae illuminated by F-B
stars. Protoplanetary nebulae are another class of ob-
jects in which relatively cool stars illuminate nearby,
dense, molecular material. The color temperature of the
radiation field can have an important influence on the
composition and structure of PDRs (Rodger and Dewd-
ney, 1992; Spaans et al., 1994; Diaz-Miller et al., 1998).
First, the reduction in the far-ultraviolet field reduces
the efficiency of the photoelectric effect on PAHs and
small dust grains. This is particularly true for the small-
est PAHs, whose absorption is limited to far-ultraviolet
wavelengths. Theoretical models show that this can re-
duce the photoelectric efficiency by an order of magni-
tude for the coolest stars (7.;=6000K; Spaans et al.,
1994). The reduced far-ultraviolet flux also leads to
much reduced photodissociation and photoionization
rates. Species with the highest thresholds are, of course,
the most affected (i.e., H, and CO; Roger and Dewdney
1992; Spaans et al., 1994). As a result, the H, and CO
transitions shift towards the surfaces of PDRs in cooler
radiation fields. The dominant cooling lines are [OI] and
[CII] for the hotter radiation fields but rotational CO
emission becomes progressively more important for
cooler radiation fields. The [CII]/CO and [OI]/CO ratios
are good diagnostics for the color temperature of the
radiation field (Spaans et al., 1994).

IV. OBSERVATIONS OF PDRS

Photodissociation regions are bright in the far-
infrared dust continuum, in the PAH emission features,
the far-infrared fine-structure lines of [OI] and [CII],
and the rotational lines of CO. Besides these dominant
cooling processes, PDRs are also the source of (fluores-
cent or collisionally excited) rovibrational transitions of
H, in the far-red and near-infrared, the atomic fine-
structure lines of [CI] 609 and 370 um and [SilI] 35 wm,
and the recombination lines of CI in the radio (e.g.,
C91a) and the far red (e.g., 9850 and 8727 A). They are
also observed in rotational transitions of trace molecules
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FIG. 19. A comparison between observed and model PDR spectra. The Orion spectra and model are taken from Tielens and
Hollenbach (1985b), Hollenbach (1990), and Hollenbach and Tielens (1996). Emission from the HII region has been excluded. A

good fit is obtained for n~10° cm ™ and G,~10°.

like CO™, CN, and C,H. Photodissociation regions asso-
ciated with the diffuse interstellar medium can also be
well studied through optical and far-ultraviolet absorp-
tion lines against bright background sources.

A. Physical conditions

These observations can be compared to PDR models
to determine the physical conditions in the emitting gas.
The far-infrared fine-structure lines are particularly use-
ful in that respect, since the critical densities of the [CII]
and [OI] lines (3X10°—3x10° cm %) and excitation en-
ergies (100-300 K) span the n,T range present in many
PDRs (see Fig. 15). The [CII] 158-um line, which is
(marginally) optically thin, can be used to determine the
total mass of emitting gas. These analyses do require
assumed C and O elemental abundances (or abundance
ratios) that are somewhat uncertain (Mathis, 1997,
Cardelli et al., 1996). Often, the physical conditions (e.g.,
densities) are also constrained by the ratio of the total
cooling rate (i.e., the [OI]+[CII] intensity) to the far-
infrared dust continuum. This ratio is equal to the pho-
toelectric heating efficiency, which depends on the local
density through the charging of the grains (see Sec.
I1.C.4). Of course, this analysis requires a good under-
standing of the photoelectric heating process itself and
hence is also uncertain. Figure 19 shows a comparison of
the observed infrared spectrum (1 um—-1000 xm) from a
1’ beam centered on the Trapezium stars of Orion with
the theoretical PDR model of Tielens and Hollenbach
(1985b). Derived physical conditions include the density
(~10°cm™3), the incident far-ultraviolet flux (G,
~10%), and either a relatively high gas-phase carbon
abundance =2-3x10"% or a relatively low far-
ultraviolet extinction by the dust in this dense cloud.

Boreiko and Betz (1996a, 1996b) have derived tem-
peratures, column densities, and a '2C/"*C isotopic ratio
(~58) in M42 by observing the [OI] 63-um and both
isotopic [CII] 158-um lines with very-high-velocity reso-
lution (see Fig. 20). The derived temperatures
(~200K) are somewhat lower and columns
(~10% cm™?) somewhat higher than homogeneous PDR
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models. The [OI] FWHM linewidth of 6.8kms™! is
slightly broadened by optical depth effects, but the rela-
tively narrow linewidths of both [CII] and [OI] are con-
sistent with a (turbulent) PDR origin. The temperature

| T ; I |
80 olc i o1

(K)

T

*
r

V,gr kms™

FIG. 20. The [OI] 63-um and [CII] 158-um fine-structure lines
observed towards 6' C Ori (Boreiko and Betz, 1996a, 1996b).
The light vertical line is at v sg=9.8kms~!. The gap in the
[OI] spectrum near v;gg=8 kms™! shows the region where
telluric OI absorption exceeds 50%. The location of the F
=2-1 fine-structure component of the [ *CII] line is indicated.
The lines are relatively narrow and consistent with a turbulent
PDR origin.
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FIG. 21. Comparison of observations and models of the [CII]
158-um and the [OI] 63-um line are shown as a function of G|
(Hollenbach et al., 1991). Squares are PDRs associated with
HII regions, triangles are PDRs associated with dark clouds,
reflections nebulae, and planetary nebulae, and circles are
PDRs associated with the inner 45-60" of galaxies. Some well-
known individual regions have been identified by their catalog
numbers. The effects of beam dilution are indicated by the
dashed arrow. The different models are labeled by their den-
sities. The dashed line indicates an efficiency of 3% in the
conversion of far-ultraviolet photon energy into gas cooling—
the maximum expected for the photoelectric effect. See text
for details.

and column density of the warm molecular component
of PDRs can be determined directly from the lowest,
pure rotational lines of H,, which have very low critical
densities. To date, that has only been done for the Orion
Bar (Parmar et al., 1991, Burton, Hollenbach, and Tie-
lens, 1992) and S140 (Timmermann, Bertoldi, et al.,
1996). The intensity distribution of the rotational CO
levels also provides density and temperature informa-
tion, although often for a cooler molecular component
deeper in the PDR (A, >4) (Harris et al., 1985; Jaffe
et al., 1990; Stutzki et al., 1990; Graf et al., 1993; Howe
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FIG. 22. The luminosity in the [CII] and [OI] fine-structure
lines are plotted against the bolometric infrared continuum lu-
minosity L g from dust for a selection of PDRs associated with
reflection nebulae, HII regions, and starburst galaxies (from
Hollenbach, 1990). The dominant PDR coolants [CII] and [OI]
are typically e~1072—1072 as luminous as the dust, consistent
with grain photoelectric heating of the gas.

et al., 1993; Boreiko and Betz, 1997; Lis et al., 1997).
Generally, the J=7—-6 or 6-5 transition is quite strong
in dense PDRs around HII regions, implying densities of
~10° cm 3 and temperatures of ~150 K. The presence
of CO J=14-13 emission in some sources indicates even
higher densities and temperatures (10’ cm™3; 500 K).

In Fig. 21, observations of the [CII] 158 um and [OI]
63 um lines are plotted as a function of the intensity of
the incident far-ultraviolet field, G, (=3%I,z/1.3
X 10 *ergem s !sr™!, where I is the observed infra-
red intensity, the denominator is the normalization fac-
tor for the interstellar far-ultraviolet radiation field, and
the factor 2 approximately accounts for visible photons
absorbed by the dust and reradiated in the infrared).
Examining these observations, we conclude that the
[CII] line dominates the cooling for G,<10°. The [OI]
line dominates at higher G,. Typically, the total cooling
line intensity is in the range 10"2—10"3 of the total far-
infrared continuum intensity. Figure 22 shows that this
rough correlation extends over a large range in G, and
an even larger range in IR luminosity (10*—10'"L,
Hollenbach, 1990). Clearly, the gas is fairly well coupled
to the incident far-ultraviolet photon energy, the PDRs
are the source of much of the IR luminosity, [CII] and
[OI] dominate the gas cooling, and the observed effi-
ciency is in good agreement with theoretical models of
the photoelectric effect working on PAHs and small
dust grains (see Sec. II.C).

Also shown in Figure 21 are PDR model calculations
for different densities (Hollenbach et al., 1991). In the
models, the [CII] intensity scales with the incident far-
ultraviolet flux (or far-infrared intensity) at low G,
where [CII] is the dominant cooling line. The [CII] in-
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TABLE II. Line intensities® and physical conditions in PDRs.

Object NGC 2023 Orion Bar NGC 7027 Sgr A M 82

[OI] 63 wm 4. (=3) 4.(=2) 1. (=1) 2.(=2) 1.(=2)

[O1] 145 um 2. (—4) 2.(—3) 5. (=3) 7.(—4) 5.(—4)

[CII] 158 wm 7. (—4) 6. (—3) 1. (=2) 2.(=3) 2.(=3)

[SiII] 35 wm 2. (—4) 9.(=3) - 2.(=2) 4.(=3)

H, 1-0 S(1) 5. (=5) 2.(—4) 8. (—4) 9.(—4) 5.(=5)

CO J=7-6 5. (=5) 2.(—4) b 1.5 (=3) 5.(=5)

CO J=14-13 - 3. (—4) b 3. (—4) -

FIR® 8. (—1) 5. (0) 4. (1) 5.(1) 6. (0)

PAHs? 9. (-2) 1.5 (1) 1.8 (0) - 1.4 (-1)

Gy 1.5 (4) 4. (4) 6. (5) 1. (5) 1. (4)
Interclump conditions

n[cm™3] 7.5 (2) 5. (4) 1. (5)° 1. (5) 1. (4)

T [K]f 250 500 1000° 500 400

M, /M,, 0.2 0.6 0.3 0.04 0.1

Clump conditions

n [cm™3] 1. (5) 1.(7) 1. (7)° 1. (7) -

T [K]! 7508 (2000) (2000)¢ (2000) -

f, 0.1 0.005 0.05 0.06 4.(—4)

References” 1,2,3,4 5,6,7 8,9, 10 10, 11, 12 11, 13, 14

Intensities in units of ergcm 2s !srl.

"Bright CO J=17-16 has been observed by Justtanont et al. (1997).

‘Total far-IR dust continuum intensity.
dIntensity in the PAH emission features.

“Interclump and clump refer to halo and torus, respectively (Justtanont et al., 1997).
"Temperatures derived from observations. Theoretically, temperatures are expected to be sensitive to the depth in the PDR (cf.

Fig. 16).

£C91« indicates 100-200 K (Wyrowski, Walmsley, et al., 1997).

hReferences: (1) Steiman-Cameron ez al. (1997); (2) Wyrowski, Walmsley, et al. (1997); (3) Sellgren et al. (1985); (4) Jaffe et al.
(1990); (5) Tielens et al. (1993); (6) Tauber et al. (1994); (7) Stutzki et al. (1990); (8) Cohen et al. (1986); (9) Justtanont et al.
(1997); (10) Burton, Hollenbach, and Tielens (1990); (11) Wolfire et al. (1990); (12) Harris et al. (1985); (13) Willner et al. (1977);

(14) Genzel (1992).

tensity levels off at high G, when the temperature ex-
ceeds ~100K. At that point, the [OI] 63-um line be-
comes a more efficient coolant and its intensity scales
with G (for high n, where the effects of grain charging
on the photoelectric heating are minimal). The models
are in good agreement with the observations for densi-
ties in the range 10°—10°cm™>. We note that, as ex-
pected, the PDRs in reflection nebulae such as NGC
7023 and bright rim clouds such as S140 are character-
ized by somewhat lower densities (3 X 10° cm™?) and in-
cident far-ultraviolet fields than those surrounding HII
regions, such as M42 in Orion (10°cm™?). In general,
the data imply that Go/n~1cm™? for these sources, so
that stationary PDR models are adequate (see Sec.
II1.B).

We summarize in Table II the physical conditions in
the dense PDRs associated with a number of template
objects as derived from observations. They are derived
from the listed intensities in the manner described
above. Typical densities and temperatures are n~ 10>
—10° cm ™ and T~200-1000K. The atomic mass in the
C* zone, M, is a significant fraction of the molecular
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cloud (core) mass, M,, (see also Tielens, 1994).

In general, observations reveal pronounced clumping
of the emitting gas. First, the [OI], [CII] and [CI] emis-
sion is extended on =5’ scale as illustrated in Fig. 1 for
Orion. In fact, Stacey efal (1993) and Shibai et al.
(1993) trace the [CII] extent even further than Fig. 1,
and the PDR H, emission has likewise been observed on
scales of tens of arc minutes by Burton and Puxley
(1990), Luhman et al. (1994), and Usuda et al. (1996).
All this gas is photoionized, photodissociated, and (pho-
to)heated by #' Ori C. Similar results have been ob-
tained for Orion B, M17, S140, NGC 2023, and many
other sources.!? This emission scale size is much larger
than that expected for a homogeneous region at the den-
sity indicated by the line ratios. Figure 23 shows the ob-
servations of NGC 1977 compared with models of a ho-

These include Stutzki ef al., 1988; Matsuhara et al., 1989;
Howe et al., 1991; White and Padman, 1991; Stacey et al., 1993;
Jaffe et al., 1994; Plume et al., 1994; Luhmann and Jaffe, 1996;
Herrmann et al., 1997; Spaans and van Dishoeck, 1997.
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FIG. 23. Models of the [CII] 158-um distribution in NGC 1977 compared with the observed [CII] distribution (Howe et al., 1991).
The uniform-density model (n=3X10%cm™) has a far-ultraviolet attenuation length of 0.01 pc, while the clumped gas model
corresponds to a far-ultraviolet attenuation scale length of 0.4 pc. The clumped model allows more far-ultraviolet penetration and
fits the observed [CII] distribution much better than the uniform-density model. For scale 2’ =0.3 pc.

mogeneous cloud and a clumpy cloud (Howe et al,
1991). Clearly, the gas is organized in filamentary and
clumpy structures that allow the penetration of FUV
photons to very large distances from the illuminating
stars. On a parsec scale, the Orion molecular cloud con-
sists of a highly nonuniform complex of filaments and
clumps (Bally et al., 1987). Second, maps in many mo-
lecular species (i.e., *CO, C®0, CS, NH;, HCO",
HCN, H,, and PAHs) show direct evidence for
clumping'® in PDRs with a surface filling factor of =0.1.
Third, most PDRs show bright molecular lines [e.g., CO
J=14-13, H, 1-0 and 2—1 S(1)] with high critical densi-
ties and high excitation temperatures which attest to the
presence of high-density, warm molecular gas. The
physical conditions of these clumps are not well con-
strained and likely span a range of values. Thermal H,
2-1 S(1)/1-0 S(1) ratios require densities n
=10° cm 3 and T~1000 K. Likewise, CII recombination
line studies indicate clumpy, high-density
(~10°-10° cm ) regions over a large area of the PDRs
in Orion and NGC 2023 (Natta et al., 1994; Wyrowski,
Schilke, et al., 1997; Wyrowski, Walmsley, et al., 1997).
Somewhat higher densities, #=10°—10"cm ™ are re-
quired to produce bright CO J=14-13, 17-16 or 23-22
emission. Table II lists estimates for clump physical con-
ditions in several PDRs. We note that homogeneous
PDR models fall typically short of observed mid-J (e.g.,
6—5 or 7-6) CO intensities, especially from the *CO
isotope (Graf et al., 1993; Lis et al., 1997). Clump models
may resolve this discrepancy (Koster et al., 1994), or it
may be that models underestimate the gas temperatures
in the CT/C/CO transition regions where these lines
originate. Tauber ef al. (1994) discuss various explana-
tions of this discrepancy.

3See, for example, Gatley et al., 1987; Giisten and Fiebig,
1988; Massi et al., 1988; Stutzki et al., 1988; Stutzki and Gusten,
1990; Tauber and Goldsmith, 1990; Chrysostomou et al., 1992,
1993; Minchin et al., 1993; Hobson et al., 1994; Tauber et al.,
1994; Hogerheijde et al., 1995; Kramer et al., 1996; Lemaire
et al., 1996; Young Owl et al., 1999.

Rev. Mod. Phys., Vol. 71, No. 1, January 1999

The inferred thermal pressures for these clumps
(10°-10K cm3) are well in excess of that sustainable
by the interclump medium (or the HII region pressure).
These clumps may therefore be confined by self-gravity
and either are on their way to forming stars or already
contain an embedded protostar (Meixner et al., 1992).
Hence they may be the PDR counterparts of the small
partially ionized (Bok) globules (PIGs) and stellar
“proplyds” observed in the HII region (see Sec. III.C).
These objects seem to be widespread in molecular
clouds.

B. The H, spectrum

As we shall discuss in Sec. IV.1, the H, emission from
most galaxies originates in PDRs, and not in interstellar
shock waves. Even in our own Milky Way Galaxy, the
total H, luminosity from individual molecular clouds
such as Orion A originates mainly in PDRs, even though
strong shocks are present (Luhman et al., 1994; Luhman
and Jaffe, 1996). Far-ultraviolet absorption in the Ly-
man Werner bands excites molecular hydrogen elec-
tronically. In 85-90% of these far-ultraviolet ““pumps,”
electronic  (far-ultraviolet) fluorescence (Sternberg,
1989) leaves the molecule in a vibrationally excited state
of the ground electronic state (Sec. II.B, Fig. 8). Mol-
ecules in these levels decay through electric quadrupole
transitions in the far-red and near-infrared. The intensi-
ties of these lines thus depend on the detailed distribu-
tions of the level populations through the cloud, distri-
butions which themselves depend on the (far-
ultraviolet) line radiative transfer (see Sec. I1.B) as well
as the density and temperature of collision partners.
Level populations and IR emission spectra have been
calculated for a variety of model clouds.!* Pure rota-
tional spectra of H, have been calculated by Burton,

l4See Black and Dalgarno, 1976; Black and van Dishoeck,
1987; Sternberg, 1988, 1990 for the HD isotope; Sternberg and
Dalgarno, 1989; Abgrall et al., 1992; Draine and Bertoldi, 1996;
and Neufeld and Spaans, 1996.
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Hollenbach, and Tielens (1992), Spaans et al. (1994),
and Timmermann, Bertoldi, et al. (1996).

One uncertainty in the calculated spectra resides in
the details of the H, formation process on grain surfaces.
It has been suggested that the newly formed H, is vibra-
tionally or rotationally excited when it is injected into
the gas phase (e.g., Hollenbach and Salpeter, 1970; 1971;
Hunter and Watson, 1978; Wagenblast 1992; Duley and
Williams, 1993). However, H, might resonantly transfer
much of the excess chemical energy to nearby functional
groups on the surface before it evaporates, leaving the
molecule in v=1 or 2 (Tielens and Allamandola, 1987).
For the overall energetics of H, excitation, the H, for-
mation process is of little importance (<10%) com-
pared to the far-ultraviolet fluorescence process when
the H, chemistry is in equilibrium, since there are about
nine far-ultraviolet pumps with resulting fluorescence
for every H, formation. Nevertheless, if H, is preferen-
tially formed in only a few states, this may affect the
intensities of the lines from those levels and the subse-
quent cascade (Wagenblast, 1992; Le Bourlot et al,
1995).

Another uncertainty is associated with the ortho to
para ratio of H,. Four processes can affect the ortho to
para ratio in PDRs (Burton, Hollenbach, and Tielens,
1992): (1) In warm gas, the conversion can be effected
by the reaction H+H,, which has an activation barrier
of 3200 K; (2) in cool gas, reactions of H, with H (and
to a lesser extent Hy ) can still convert ortho to para and
back (Dalgarno et al., 1973); (3) on grain surfaces, a
nuclear spin conversion of H, may occur due to the in-
teraction with the nuclear spin of a neighboring species
or the unpaired electron of a paramagnetic impurity or
lattice defect (Tielens and Allamandola, 1987); (4) for-
mation of H, on grain surfaces is expected to lead to an
ortho-para ratio of 3. But if the newly formed H, resides
long enough on the grain, process (3) might be more
important, even for newly formed H,. In high-density,
high far-ultraviolet flux PDR models, appropriate for
the Orion Bar, reactions with atomic hydrogen in the
gas dominate the ortho-to-para ratio and a value of 3 is
expected in the fluorescence zone (Burton, Hollenbach,
and Tielens, 1992). If effective, gas-grain collisions
would drive the ortho-to-para ratio to a value appropri-
ate for the grain temperature deeper in. But only the
0—0 S(0) and S(1) line intensities would be affected by
this process. In lower-density, lower far-ultraviolet PDR
models (i.e., T<300K), the first process is of little con-
sequence and the ortho-para ratio is set by the formation
process. Adopting an intrinsic ratio of 3 for the forma-
tion process would result in a predicted ratio of 2.5 in
the fluorescing gas of a typical reflection nebula (Burton,
Hollenbach, and Tielens, 1992). The second process is
never very important over the lifetime of an H, mol-
ecule in the fluorescence zone (but dominates for dark
cloud cores). Recently, Draine and Bertoldi (1996) have
shown that for high-density warm PDRs (n=10°cm 3,
G(=10°), the ortho-to-para ratio in the v=1 level can
exceed 3. Under these conditions, the v =1 level is ther-
malized. Moreover, the column densities in the v=1
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ortho levels of the v =1 (but not the para levels) become
large enough that self-shielding reduces the far-
ultraviolet pumping out of these levels. As a result there
is preferential destruction of para H, as compared to
ortho H, and an ortho-to-para ratio larger than 3 results.
This effect is only operative when a large fraction of the
far-ultraviolet photons are absorbed by vibrationally ex-
cited H,.

At low n (<10*cm™?), collisional deexcitation is un-
important and the infrared spectrum is due to “pure”
fluorescence and can be calculated directly from the
transition probabilities of the levels involved, taking the
radiative transfer into account. For G,/n<10"2cm?’, H,
self-shielding dominates the opacity in the 912—1100-A
range, the gas is fully molecular in the fluorescence zone,
and the line intensity scales directly with the intensity of
the incident far-ultraviolet radiation field and is inde-
pendent of the density. For G,/n=0.1cm?, dust opacity
is more important, hydrogen is largely atomic in the
fluorescence zone, and the line intensities become
largely independent of G, and are proportional to the
density. At high densities, collisional processes are im-
portant, modifying the emitted spectrum to a thermal
spectrum in the lowest levels (i.e., v=1-0 and 2-1;
Sternberg, 1986; Hollenbach, 1988; Sternberg and Dal-
garno, 1989; Burton, Hollenbach, and Tielens, 1990;
Draine and Bertoldi, 1996; Luhman, Jaffe, et al., 1997;
Luhman, Luhman, ef al., 1997). A relatively large popu-
lation of high vibrational levels, though reduced by col-
lisions, is maintained by far-ultraviolet pumping.

Far-red and near-infrared H, fluorescence spectra
have been observed in a variety of classical PDRs such
as those associated with NGC 2023, S140, NGC 7023,
the Orion Bar, Orion A and B, and p Oph." Figure 24
compares the distribution of the H, v=6—4 Q(1) line
towards the Orion region to that of the H, v=1-0 S(1)
and the [CII] 158-um line (Luhman et al,, 1994). The
[CII] emission traces PDR gas heated by the illuminat-
ing star @' Ori C. The peak H, v=1-0 S(1) emission,
on the other hand, is due to warm gas shocked by the
strong wind originating from the embedded protostar
IRC 2. Because of its high excitation, the H, v=6-4
Q(1) emission arises in far-ultraviolet pumped PDR
gas. However, the relatively low, measured intensity im-
plies that the upper levels of H, are collisionally deex-
cited and hence the gas is rather dense (=10°cm ).
Figure 25 compares the observed IR spectrum 16" north
of the illuminating star in NGC 2023 (Gatley et al., 1987)
with model calculations for the pure-fluorescence case,
illustrating the good fit possible (Black and van Disho-
eck, 1987). The fit mainly depends on the adopted value
for G and the detailed geometry of this emission ridge.
It is not sensitive to the density for n<10*cm™>. H,

13See, for example, Hayashi et al., 1985; Gatley et al., 1987;
Hasegawa et al., 1987; Hippelein and Minch, 1989; Tanaka
et al., 1989; Burton, Geballe, et al., 1990; Burton, Bulmer,
et al., 1992; Luhmann and Jaffe, 1996; Martini et al., 1997; Mar-
coni et al., 1998.



200

o

J. Hollenbach and A. G. G.

M. Tielens: Photodissociation regions in galaxies

200.0
100.0

0.0

]
—

Dec offset (arc sec)

/

YT T T T T
|||ir|r|x||r]|1r|

-100.0””Iﬁm'jnul““,(.,a”

LI LI I

ml|||

.

A

]

1t

100.0 -100.0 100.0

0 -100.0 100.0 0 -100.0

RA offset (arc sec)

FIG. 24. H, and [CII] emission in the Orion PDR. Left: v=6—-4Q(1) map of the Orion extended PDR. The peak contour level

is 6.4X10 % ergem ™25 st
1-0 S(1) map of the PDR. Contour units are 3.53X 10~

spectra have also been obtained for the bright H, ridge,
78" south of the star (Gatley et al., 1987; Burton, Bul-
mer, etal, 1992). This region has a more thermal
1-08(1)/2—18(1) ratio, and the observed spectrum is
consistent with emission by higher-density gas (10°
m>; Burton, Hollenbach, and Tielens, 1990; Draine
and Bertoldi, 1996). Figure 26 shows the best-fit model
H, column densities in the v,J state compared with the
observations assuming n=10° cm 3, G,=8500, and a
viewing angle of cos 6=0.2 (from Draine and Bertoldi,
1996). The observed high density for this region is in
good agreement with studies of the dominant PDR cool-
ing lines and molecular line observations (Fuente et al.,
1995; Jansen et al., 1995a; Steiman-Cameron et al., 1997,
Wyrowski, Walmsley, et al., 1997).

Recent ISO observations reveal pure rotational emis-
sion in the S140 photodissociation region (Timmermann,
Bertoldi, et al.,, 1996; we discuss ISO observations of
pure rotational H, emission in galaxies in Sec. IV.I). Fig-
ure 27 summarizes the column densities derived for the
different levels from the observed SWS ISO lines and
available ground-based data. The pure rotational lines
(J<7), because of their small Einstein A values, are

(2]
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FIG. 25. Comparison of observed and calculated H, emission
spectra, adapted from Black and van Dishoeck (1987). Solid
curve: spectrum observed 160" north of the illuminating star in
the reflection nebula NGC 2023 (Gatley et al., 1987). Light
curve: Calculated emission spectrum for G (=200 and a density
of 10*cm™3 convolved to a resolution of N/AA=100 (Black
and van Dishoeck, 1987). See text for details.
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5
> ergcm
[CIT] 158-um map of Stacey et al. (1993, 55" beam). Contour units are 3.9X10”*ergem ™25 sr

in a 65" beam. The 0,0 position is at 8" Ori C (asterisk); the BN-KL outflow is the square. Center: H,
257 1sr™! in a 150" beam. Both from Jaffe er al. (1994). Right:

~1 For scale 60"=0.15 pc.

good indicators of the gas temperature and densities.
The observations indicate emission from gas at 500 K
with a column density of 1.6X10?°cm 2. Higher pure
rotational levels start to deviate due to the contribution
by far-ultraviolet pumping. Populations of the vibra-
tional levels are displaced towards the right due to UV-
pumped fluorescence, but the lower J levels in these vi-
brationally excited states still indicate temperatures of
500 K. The model (open symbols) was calculated for a
density of 10*cm™3, an incident far-ultraviolet field of
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FIG. 26. Column densities N(v,J) of H, in the v,J state di-
vided by the level degeneracy g(J) for the NGC 2023 emission
ridge (from Draine and Bertoldi, 1996). Filled symbols are de-
rived from observations of Hasegawa et al., (1987) and Burton,
Bulmer, et al. (1992), corrected for extinction, beam dilution,
and calibration errors. Open symbols are for a plane-parallel
slab model with G;=8500, n=10°cm™3, and T=900K,
viewed at an angle with cos #=0.2. Solid lines are least-squares
fits to the J=2-7 populations in each vibrational level. For
each vibrational level, the best-fit value of the rotational tem-
perature 7', is indicated.



D. J. Hollenbach and A. G. G. M. Tielens: Photodissociation regions in galaxies 201

p=R] 1 T T | L | L) | ¥ T L T | T T T T '
19 3465 6 7 8 9 10 1 -
107 6] (111 I | x=400,ny=10%m=3 3
Z\z T,=1000K ]
1018 5— \E €0s60=0.10, A=0.3 E
E o\ ]
1017 \ -
§ S N (0 A S
£ " \\ ]
~ 16 | 02345 6 7 8 9 10 1
= 107 ® e (AR
3 X \ 3 ;
-3 0234 5 7l
) 15 E -
3: 10 'é_ g A ° V—3I||“ [ _g
Z - \E 1
1014 £ \ g 3
E \ A a 00 3
F o v=0 iv ]
[ & v=1 gt o, 00 ]
1013 F - $ LN v v 3
E o v=2 T,=500K 2 ] 3
v v=3 z ° z
o2l o v 1wy ) - 1 1
0 5 15 20

10
E(v,J)/k (103K)

FIG. 27. Observed (filled symbols) and model (open symbols)
H, column densities divided by the statistical weight of the
level as a function of the excitation energy in the PDR of S140
(Timmermann, Bertoldi, ez al., 1996).

400, and an assumed temperature distribution that starts
at 1000 K but drops smoothly to about 20 K at an Ay of
1. It should be emphasized that PDR models have diffi-
culty explaining the high gas temperature observed to-
wards this source, given the low incident far-ultraviolet
field and moderate density (see Wolfire et al., 1990).

C. The molecular transition observed in edge-on PDRs

The edge-on geometry of the Orion Bar PDR lends
itself particularly well to detailed studies of the spatial
structure of PDRs (see Tielens et al., 1993; Hogerheijde
et al., 1995; van der Werf et al., 1996; Fig. 2). Clearly, the
H/H, transition, as outlined by the peak emission from
vibrationally excited H,, occurs at about 10" into the
cloud from the ionization front (i.e., the location of the
Bar in [OI] 6300 and [SII] 6731 A). The CO 1-0 and
[CI] 609-um lines peak rather abruptly at a distance of
20" from the ionization front. These observations agree
very well with predictions of the global characteristics of
stationary PDR models (Tielens et al, 1993; Jansen
et al., 1995a; van der Werf et al., 1996). In such models,
the location of the H/H, transition region and thus the
peak in H} emission is displaced inwards from the ion-
ization front by A,=2 and the C*/C/CO transition oc-
curs another AA =2 deeper into the cloud (Fig. 16).
Using standard dust parameters, the observed spatial
scale then translates into a density of 5X10*cm > (Tie-
lens et al., 1993). Calculated line emission for the fine-
structure lines of [OI] 63 and 146 um, [CII] 158 wum,
[SiII] 35 pm, [CI] 609 wm, and CO 1-0 agree well with
the observed intensities for this density and G,=5
% 10%, which is appropriate for #' Ori C at the projected
distance of the Orion Bar (Table II). The presence of
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FIG. 28. A schematic of the M17SW PDR region showing a
three-component clumpy core and halo model (Meixner et al.,
1992). Dense clumps are embedded in an interclump medium
in the core, which is surrounded by a more diffuse halo. The
[OI], [SilI], and high-level CO originate in the high-density
clumps. The [CII], [CI], and low-level CO arise in lower-
density interclump gas. The low-density halo reproduces the
observed extended [CII] and [CI] emission. Approximate den-
sities and temperatures of each component are indicated.

denser clumps (107 cm?) is indicated by bright emission
in CO 7-6 and 14-13 (Stacey et al., 1993) and by the
presence of other high-density tracers such as CS,
H,CO, and HCO" (Tauber et al., 1994; Hogerheijde
et al., 1995; van der Werf et al., 1996). However, Mar-
coni et al. (1998) present H, 2 um observations and Si-
mon et al. (1997) present CN and CS observations which
suggest a homogeneous PDR in the Bar.

M17SW is another region where the edge-on geom-
etry allows a detailed study of the structure of PDRs
(Stutzki et al., 1988; Meixner et al., 1992). As in the
Orion Bar region, cross scans show a clear separation
between the ionized (free-free), atomic ([OI], [CII],
[SilI]), and molecular (CO 2-1) gas. M17 is four times
farther away than Orion and the scale size is somewhat
larger (40" rather than 20”); both these factors indicate a
much lower average gas density (3X10°cm™) in the
interclump regions of this molecular cloud core. The ob-
served high intensity of the [OI], and [SilI] lines thus
implies that they originate mainly from the surfaces of
the dense (n=<10" cm %) clumps evident in the molecu-
lar observations (Stutzki et al, 1988; Meixner et al.,
1992). The [CII] and [CI] lines in contrast originate from
the lower-density interclump gas in the M17SW core.
Figure 28 shows a schematic diagram of the derived
morphology of M17SW from the PDR models and ob-
servations of Meixner ef al. Besides the M17SW photo-
dissociation region, the [CII] and [CI] emission is ex-
tended over a size scale of =10pc (Keene et al., 1985;
Stutzki et al., 1988; Matsuhara et al., 1989). This emis-
sion may well be associated with clumps illuminated at
large distances by far-ultraviolet radiation penetrating
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into the much-lower-density (=300cm2), 23-kms~!
CO cloud, which extends from the northeast, well over
the HII region and the M17SW core (Lada, 1976). Al-
ternatively, there may be local B stars exciting this very
extended emission (Stutzki ef al., 1988; Hansen et al.,
1997).

Edge-on PDRs form an excellent laboratory in which
to study in detail the interaction of far-ultraviolet pho-
tons with gas and dust. One might hope that future stud-
ies of, for example, the dominant gas cooling lines and
their correlation with the PAH and dust IR emission will
allow a semiempirical evaluation of the cooling and,
hence, photoelectric heating process and its dependence
on physical conditions. Present and future generations
of (sub)millimeter arrays also allow a detailed analysis
of the effects of far-ultraviolet photons on the molecular
composition of interstellar gas. The first studies of this
kind have already been undertaken for IC 63 (Jansen
et al., 1995b, 1996), the Orion Bar (Tauber ef al., 1994,
1995; Hogerheijde et al., 1995; Fuente et al., 1996; van
der Werf et al., 1996; Simon et al., 1997; Young Owl
et al., 1999) and NGC 2023 (Fuente et al., 1995). Finally,
limb brightening due to the edge-on geometry also al-
lows the detection of trace species that are otherwise
difficult to detect, for example, CO™ (Latter et al., 1993;
Jansen et al., 1995a; Storzer et al., 1995; Fuente and
Martin-Pintado, 1997).

D. The origin of [CI] emission

In retrospect, observations of the [CI] 609 um line
formed one of the earliest indications that PDRs are a
ubiquitous component of molecular clouds (Phillips and
Huggins, 1981). Atomic carbon has long been recog-
nized to be an abundant species near the surfaces of
molecular clouds (Langer, 1976; de Jong et al., 1980).
However, the early observations of the lowest-lying
transition of CI showed more intense emission than ex-
pected on the basis of the predicted CI column density.
While this discrepancy led to a flurry of papers propos-
ing a variety of schemes to increase the abundance of
atomic C inside dense clouds, the first detailed PDR
models (Tielens and Hollenbach, 1985a, 1985b, 1985¢)
calculated about a ten times higher CI column density
than the earlier models, partly due to improved chemical
schemes (e.g., the inclusion of charge exchange between
C* and S and the far-ultraviolet opacity of atomic car-
bon) and partly because of an adopted higher gas-phase
carbon abundance. PDR theory (Tielens and Hollen-
bach, 1985a, 1985c¢; van Dishoeck and Black, 1988; Hol-
lenbach et al., 1991; Bakes and Tielens, 1998) is now in
reasonable agreement with the observed line intensities
(Phillips and Huggins, 1981; Keene et al., 1985; Genzel
et al., 1988; Ingalls et al., 1997). Current models explore
the effects of the clumpy structure of molecular clouds
(Hegmann and Kegel, 1996; Spaans and van Dishoeck,
1997), the time-dependent effects associated with C* re-
combination in cooling PDRs suddenly shadowed from
far-ultraviolet flux by moving foreground clumps
(Storzer et al., 1997), the dependence of CI on ionization
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FIG. 29. The [CI] 610-um emission in the Orion Bar region
compared to other tracers (Tauber et al., 1995); integrated [CI]
emission (3—13 km/s; gray scale); integrated '3CO J=2-1 in-
tensity (double contours); HCsN J=12—-11 emission (solid
black line); PAH 3.3-um emission (dotted line). Central posi-
tion is (a,8)1950=(5"32"5237,—5°27U15UU). The two stars
are 6% Ori A (left) and 6 Ori C (right). The protostar IRC2 is
indicated by a filled square. The open square is the Orion
South source. The dots indicate condensations in the HC;N
emission.

(Flower et al., 1994), and the effects of PAHs on the
ionization balance (Bakes and Tielens, 1998).
Higher-spatial-resolution studies with the James
Clarke Maxwell Telescope (JCMT) and the Caltech
Submillimeter Observatory (CSO) clearly confirm the
association of the [CI] emission with the PDR. In par-
ticular, in the Orion Bar, the [CI] 609 and 370 wm emis-
sion forms a barlike structure at a similar distance from
the ionization front to the CO 1-0, in good agreement
with theory (White and Padman, 1991; Tauber et al.,
1995; White and Sandell, 1995). This is illustrated in Fig.
29. A similar spatial structure is seen in S140, although
an embedded source contributes to the [CI] deeper into
the cloud as well (Minchin ef al., 1993). Similar to the
extremely extended [CII] 158 um emission, the [CI]
emission in M17SW is thought to originate from the sur-
faces of clumps illuminated either by deeply penetrating
far-ultraviolet photons or by local B stars (Stutzki et al.,
1988; Meixner and Tielens, 1993; Plume et al., 1994).
[CI] often correlates with 1*CO 2—1 in spatial extent and
line profile (Keene, Lis, efal, 1997), indicating that
emission of both species is dominated by clump PDR
surfaces (Phillips and Huggins, 1981; Meixner and Tie-
lens, 1993; Plume et al., 1994; Spaans and van Dishoeck,
1997). [CI] studies of translucent clouds (Stark and van
Dishoeck, 1994; Stark et al., 1996) and opaque molecular
clouds (Minchin and White, 1995; Minchin et al., 1995)
also indicate that the N(C)/N(CO) ratio varies with A
and G, as expected in PDR models. The recent obser-
vation of the *CI *P,—>P; transition in the Orion Bar
indicates a high column of *C there, which suggests
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FIG. 30. VLA 3.5-cm continuum [gray-scale, compared to C91a (VLA) integrated intensity (heavy full contours: 30, 50, 70, 90%
of peak intensity 5.5 K kms™!) and 3CO (3-2) integrated intensity from Lis et al. (1997, light contours; only the region around the
Bar was mapped). The black and white contours are H, [1-0 S(1)] image of van der Werf et al. (1996). The insert in the lower left
shows a comparison of C91a (smoothed to 20") and *CO (peak 29 K) spectra towards the indicated position in the Bar.

little chemical fractionation of *C into 3CO, possibly
due to isotope-selective photodissociation of *CO in the
PDR (Keene, Schilke, et al., 1998).

E. Cl recombination lines

Emission in CI recombination lines has been studied
theoretically by Escalante efal. (1991) and by Natta
et al. (1994). Observations of CI recombination lines
date back two decades (Balick et al., 1974; Knapp et al.,
1976a, 1976b; Pankonin et al., 1977; Jaffe and Pankonin,
1978; Pankonin and Walmsley, 1978) but only in recent
years have their importance for the study of PDRs been
fully realized (Natta et al., 1994; Wyrowski, Schilke,
et al., 1997; Wyroski, Walmsley, et al., 1997). Observa-
tions show that the CI radio recombination lines also
form in PDRs (Fig. 30), but they have a different depen-
dence on the density and temperature than the far-
infrared fine-structure lines (e.g., [CII]). This has been
exploited by Natta ef al. (1994) to derive the physical
conditions in the emitting gas. The results of these cal-
culations are shown in Fig. 31. The results show that the
(91« line (8.6 GHz) originates in dense (10°cm™),
warm (500—-1000 K) gas. Even at large distances, the
observed high intensity of this line implies high densities
(10° cm™3).

Photodissociation regions are also bright in the far-red
lines of CI at 9850, 9823, and 8727 A (Hippelein and
Minch, 1978, 1989; Munch and Hippelein, 1982; Burton,
Hollenbach, and Tielens, 1990). These have been attrib-
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FIG. 31. Plot of the observed [CII] 158-um intensities vs the
C91w integrated intensities (filled squares with error bars).
They are labeled with their names or their offsets from 6! Ori
C. The light dashed contours show the results for homogenous
density and temperature models. The dots give the results of
full-fledged PDR models, numbered from 1 to 10. Model den-
sity increases towards the right from 10* to 10° cm ™. Model
incident far-ultraviolet fluxes increase towards the top from
10° to 10° Habing fields. (Model 10 is actually for a G, of 10.)
The effects of beam dilution by a factor of 0.3 are indicated by
the line labeled fz=0.3. From Natta et al. (1994).
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FIG. 32. The ratio Y of the integrated line intensities in [CII]
and 2CO J=1-0 (in ergs 'em™2sr™!) to the FIR continuum
intensity (in units of 2.0X10™ % ergs™!em™2sr™!) plotted for a
number of observed sources. PDR models as a function of n
and xyy (=G /1.7) are superimposed (see also Wolfire et al.,
1989). The dashed line indicates the [CIT]/*2CO(1-0) line flux
ratio (6300) observed for starburst galaxies and galactic OB
star formation regions. From Stacey et al. (1991).

uted to carbon recombination emission by Cesarsky
(1982). Theoretical calculations of the expected intensi-
ties have been done by Escalante et al. (1991) and Natta
et al. (1994). These far-red recombination lines depend
on T~ %6 while the radio recombination lines depend on
T3, Hence the ratio of the far-red lines to the radio
lines is sensitive to high-density (>10°cm™>) clumps,
which become very warm (7>1000K) when illumi-
nated by a strong far-ultraviolet field (G,>10°; Natta
et al., 1994).

F. The [CII]-CO correlation

Crawford et al. (1985) and Stacey et al. (1991) show a
linear correlation in the observed integrated intensities
of [CII] 158-um and >CO J=1-0 from bright dense
galactic PDRs and PDRs in starburst galactic nuclei (see
Fig. 32). Wolfire et al. (1989) and Stacey et al. (1991)
explain this correlation with high-field far-ultraviolet
opaque PDR models (also shown in Fig. 32) in which the
[CII] 158-um emission arises from the warm, Ay
=<1-2, outer regions and the ?CO J=1-0 originates
from the cooler gas somewhat deeper (A, ~3—4) into
the cloud. In PDR models with high densities, n=3
X103 ecm ™3, and high incident far-ultraviolet fluxes, G,
=3x10°, Iy and I¢q are relatively constant. The [CII]
intensity is constant because at high G the temperature
of the gas exceeds the excitation energy, AE/k=92K, of
the [CII] 158-um transition. With n>n,, or local ther-
modyanmic equilibrium, the [CII] 158-um intensity is
not density sensitive, but rather only sensitive to the col-
umn density of C*. At high G, the column of C* is
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roughly constant, varying only logarithmically with G,
because of dust attenuation. Therefore, Iy is roughly
constant at high n and G,. The CO J=1-0 intensity is
constant because it is an optically thick transition which,
at high densities or local thermodynamic equilibrium
(LTE), is mainly sensitive to the temperature of the
emitting gas. The '2CO J=1-0 transition originates
from a deeper, cooler region where the gas temperature
varies very slowly with changes in G. In large part, the
observed linear correlation in [CII] and 2CO J=1-0
arises because the [CII] and CO originate from the same
clouds, their emergent intensities and intensity ratio are
constant, and the effects of beam filling factors or beam
dilution produce a linear correlation in the observed in-
tensities. In addition to the beam dilution effect, [CII]
158 um and CO J=1-0 have similar critical densities so
that the linear correlation is maintained at low densities
and high G, as both emergent intensities drop because
of nonequilibrium effects. However, in low far-
ultraviolet fields, the [CII]/CO ratio is low because the
PDR cools and self-shields, which affects [CII] much
more than CO. On the other hand, high [CII]/CO ratios
are found in diffuse clouds (pure [CII]) or in HI halos of
molecular clouds (Jaffe et al., 1994). High ratios may
also result from geometry effects (Koster et al., 1994) or
clouds with small molecular cores and large C* halos
such as in the Magellanic Clouds (see Sec. VI.B). These
trends are observed in Fig. 32.

G. OH and CH3;OH maser regions

Many ultracompact HII regions show associated OH
and CH;0H maser emission outside the ionized gas
(Moran et al., 1968; Reid et al., 1980; Menten et al., 1988,
1992). The earliest model located the OH maser emis-
sion in the dense compressed shell created by the ex-
panding HII region. The shock wave separating the shell
from the ambient cloud warms the ambient gas and fa-
cilitates the conversion of atomic O into H,O, which
then photodissociates into OH by penetrating far-
ultraviolet photons. The dense gas and favorable view-
ing geometry brings about maser action (Elitzur and de
Jong, 1980). However, the observed kinematics of the
maser spots does not corroborate the shock origin of the
H,O. Subsequently, it was suggested that the OH maser
actually originated in the dense and warm PDR sur-
rounding these HII regions (Hartquist and Sternberg,
1991). Since then, observations have shown that many
OH and CH;OH masers are coincident (see Fig. 33;
Menten et al., 1992) and theoretical considerations indi-
cate that methanol is not readily formed and should not
have high equilibrium abundance in photodissociated
gas. In a slight twist on these models, these masers are
currently thought to reflect the evaporation of icy grain
mantles in the photodissociation region (Hartquist et al.,
1995). Interstellar ices are known to contain appreciable
amounts of H,O and CH;OH (Tielens, 1989; Tielens
and Whittet, 1997). For an intense far-ultraviolet field,
the penetrating photons can heat the dust to above 90 K,
evaporating the ices and simultaneously dissociating the
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FIG. 33. Comparison of the positions of the 9,—10; A%
methanol masers (open squares) with OH masers in W3(OH).
The background contours are the 10% and 70% contours of
the radio continuum map of Guilloteau et al., (1983), showing
the extent of the HII region. The masers appear to be in a
torus that wraps around the HII region, and may arise in PDRs
where methanol and water ice is evaporated from grains and
photodissociated to form OH. For scale 1”"=0.01 pc. From
Menten et al. (1988).
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H,O into OH. Substantial abundances of methanol and
hydroxyl can therefore coexist (Hartquist et al., 1995). In
this view, these maser regions are merely far-ultraviolet
illuminated hot core regions.

H. The galactic center

The center of the Galaxy has been recently reviewed
by Genzel, Hollenbach, and Townes (1994) and Morris
and Serabyn (1996). We discuss here only some major
contributions to our understanding of this region made
by PDR observations and modeling. Figure 34 (Genzel
et al., 1994) shows a schematic diagram of the Galactic
Center region, useful in visualizing the following discus-
sion. About 108M ¢, , or 10% of the entire interstellar gas
mass of the Galaxy resides in the central few hundred
parsecs. Pak et al. (1996) observe the H, 1-0 S(1) lumi-
nosity of the central 400 pc to be about 8 X 10°L,. The
v=2-1 and 3-2 transitions suggest the H, is far-
ultraviolet-excited in PDRs. The ratio of 1-0 S(1) lumi-
nosity to far-infrared continuum luminosity is about
1073, which is similar to the ratio in starburst and ultra-
luminous infrared bright galaxies. The observed strong
correlation suggests a PDR origin for H, emission in all
these sources. This conclusion seems quite reasonable,
but it needs to be reconciled with the conclusion of Na-
kagawa et al. (1995) that the observed low ratio of [CII]

PHENOMENA IN THE GALACTIC CENTER
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FIG. 34. A schematic of the center of our Milky Way Galaxy. A significant fraction of our knowledge of the galactic center comes
from infrared and millimeter observations of the extensive PDRs irradiated by the intense far-ultraviolet fluxes of this active

region. From Genzel et al. (1994).
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158-pum luminosity to far-infrared luminosity in the cen-
tral several hundred parsecs is due to considerable dust
heating by photons below the threshold for carbon ion-
ization or H, excitation.

PDR studies have also delineated the structure, dy-
namics, and excitation mechanisms in the central ~30pc
of the Galaxy. Lugten et al. (1986), Genzel et al. (1990),
and Poglitsch et al. (1991) study this region primarily in
[CIT] 158-um emission. They show that a large fraction
of the neutral gas, up to 10%, lies in C* regions, which
suggests that =30% of the neutral gas is in PDRs. The
large [CII] intensities from some clouds indicate that
they are relatively close (<15pc) to the Galactic Cen-
ter, and connecting bridges suggest that the outlying
clouds feed material into the center. Genzel et al. (1990),
Erickson et al. (1991), and Timmermann, Genzel, et al.
(1996) determine that the thermal radio filaments and
the “Sickle” region, which lie 1020 pc from the center,
are cloud edges (HII/PDR interfaces) illuminated by as
yet largely unseen hot stars.

A prominent structure in the central 10 pc is the cir-
cumnuclear disk (CND, see Fig. 34) or torus, first ob-
served in the far-infrared continuum by Becklin et al.
(1982). Subsequent studies'® indicate a mass of
10*~10°M o, with an inner radius of about 1.5 pc and an
outer radius =8 pc. The [CI] rotation of the circum-
nuclear disk suggests an isothermal stellar density distri-
bution (Mor) with an enclosed mass of ~2x10" Mg
at the periphery of the circumnuclear disk. However, the
gas dynamics are consistent with a possible additional
central point mass (black hole) of <2x10° M, for
which there is other dynamical evidence (Genzel et al.,
1994; Eckart and Genzel, 1996). The atomic carbon is
comparable to the CO abundance; this is ten times its
value in local giant molecular clouds. The circumnuclear
disk seems to consist of several streamers of material
and is quite clumpy and turbulent (Jackson et al., 1993).
Wolfire et al. (1990) and Burton, Hollenbach, and Tie-
lens (1990) compare PDR models to the observations, to
derive an incident far-ultraviolet flux G,~10° from the
central cavity. This flux is incident on a clumpy structure
with densities ranging from 10° to 10’ cm ™ (Table II).
The Roche critical density for tidal disruption in this
region is 10’ cm 3, so the lower-density clumps are tran-
sitory phenomena. Simple PDR models do not produce
enough [CI] or CO J=7-6; clumpy PDR models do
better (Sec. IV.A; Harris et al., 1985, Burton, Hollen-
bach, and Tielens, 1990). Overall, there is evidence for a
mass infall rate into the central r<<1.5pc cavity of
~10"2 M yr !, which can feed a central black hole or
a future starburst (Jackson et al., 1993). The existence of
hot massive stars in the central cavity suggests a recent
episode of star formation. At least 200M o of neutral

%In [OI] these include Genzel et al., 1984, 1985; Jackson
et al., 1993; see Fig. 35; in [CII] Genzel et al., 1985; Lugten
et al., 1986; Poglitsch et al., 1991; in [CI] Serabyn et al., 1994; in
[SilI] Herter et al., 1986, 1989; Graf et al., 1988; and in mid J
CO Genzel et al., 1985, and Harris et al., 1985.
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FIG. 35. The [OI] 63-um map of the galactic center. The con-
tour unit is 52x10 %ergs 'ecm ?srl. The peak is 3.8
X107 ergs ' ecm™2sr™!. The cross indicates the location of
IRS 16*. For scale, 1'=3 pc. The double peaks indicate the
edge-on torus of the circumnuclear disk. From Jackson et al.
(1993).

PDR gas has been observed in [OI] in the central cavity
(Jackson et al., 1993); this gas provides evidence for a
possible building reservoir of material available for star
formation.

I. Starburst galactic nuclei

The center of the Galaxy is interesting in part because
it is the closest example of a galactic nucleus and may
provide clues to the interesting phenomena unique to
this environment. However, one needs to keep in mind
that most extragalactic PDR observations have been
made of very infrared-bright galactic nuclei, which may
present more extreme conditions of star-forming activ-
ity. Wolfire et al. (1990) show how theoretical PDR
models can be compared with infrared and '>CO obser-
vations to derive numerous interesting average physical
parameters that describe the ISM in the central ~1 kpc
of relatively nearby, IR-bright galaxies (see Table II).
The infrared continuum spectra of these galaxies are
generally attributed to emission from dust heated by OB
stars formed in recent bursts of star formation (e.g., De-
vereux and Young, 1990; Xu, 1990; Mouri and Tanigu-
chi, 1992; Walterbos and Greenawalt, 1996). Carral et al.
(1994) and Lord et al. (1996) present energetic and spec-
troscopic arguments that the [CII] and [OI] generally
originate in PDRs in starburst nuclei, and not in shocks
driven by stellar winds and supernovae or x rays from
supernovae blast waves. Typically, the beam size for
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FIG. 36. The infrared spectrum from the central 700 pc of the
starburst galaxy M82. The spectrum of M82 is taken from Gen-
zel (1992) with the [CI] emission from Schilke et al. (1993)
added. The line emission from HII regions has been excluded.

these observations is of order 1’, which corresponds to
1.4 kpc at a distance of 5 Mpc.!”

Figure 36 shows the infrared spectrum from the cen-
tral 700 pc of M82, with the emission lines from HII
regions removed. The derived average gas densities in
the PDR clouds for these bright starburst regions (Table
II for M82) are ~10*cm™>, and the incident far-
ultraviolet flux G~ 10°—10*. Biittgenbach er al. (1992)
observed [CI] 609-um emission in IC342 and Stutzki
et al. (1997) observed both [CI] lines in M82 and found
similar cloud densities and far-ultraviolet fluxes in these
starburst galaxies. The atomic (C*) temperatures are
~200-300K, and the mass in the C* component is very
significant, ranging from 2 to 10% of the total gas mass.
The gas-phase silicon abundances are high, xg~2
X107 (~0.5 solar), in M82 and NGC 253. This may
result from starburst activity that produces shock waves,
which partially vaporize interstellar grains and raise the
gas-phase abundances of refractories like silicon. A sig-
nificant amount of [SilI] emission, and to a lesser extent
[CII], may originate from relatively diffuse (n,
~100cm™%) HII regions in these nuclei (Carral et al.,
1994, Lord et al., 1996). Figure 37 shows the relative
contribution of HII regions and PDRs to the [CII] as a
function of the electron density in the HII region; pres-
sure equilibrium between the HII region and the sur-
rounding PDR is assumed. The Wolfire et al. (1990)
models compared to the IR observations derive a sur-
prising number of clouds and cloud sizes; there are nu-

"Results have been obtained for M82 by Watson ef al.
(1984), Crawford et al. (1985), Lugten et al. (1986), Wolfire
et al. (1990), Harris et al. (1991), Schilke et al. (1993), White
et al. (1994), Lord et al. (1996), and Stutzki et al. (1997) and for
NGC 253 and NGC 3256 by Aalto et al. (1991a), Stacey et al.
(1991), Carral et al. (1994), Harrison et al. (1995), and Israel
et al. (1995).
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FIG. 37. Ratio of [CII] 158 wm PDR luminosity to [CII]
158 wm HII region luminosity as a function of the electron
density in the HII region (Carral et al., 1994). Thermal pres-
sure equilibrium between the PDR and HII region is assumed,
and the HII region is ionization bounded. The effective tem-
perature of the central star 7 and its Lyman continuum pho-
ton luminosity Ny are indicated. The values at 10 cm 3 are
upper limits. The horizontal dotted line indicates where
L c(PDR)= L c(HIT); PDRs dominate [CII] emission except
in very diffuse regions.

merous (N~10°) small (R<1 pc) clouds present. These
“clouds” are individual entities in the sense that they
cannot shadow each other from the far-ultraviolet flux.
Nevertheless, they may be clustered together in sheets
or filaments. Aalto et al. (1991a, 1991b, 1995, 1997) also
derive small, dense, warm clouds from observations of
CO isotopes and HCN in the nuclei of merging and
infrared-bright galaxies. Figure 38 schematically illus-
trates the derived interstellar medium conditions in the
central 500 pc (diameter) of the representative starburst
galaxy NGC 253. The average conditions in the central
regions of these starburst galaxies are far different from
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FIG. 38. A schematic of the ISM of the central 250 pc of the
starburst galaxy NGC 253 (Carral et al., 1994). Most of the
volume is filled with 7~1-3X10°K plasma with density
~1-3cm™? (dotted regions). Neutral clouds of radius r
~0.75 pc (or sheets or filaments of thickness ~0.75 pc) are em-
bedded in this gas. They have dense (~10° cm™3) molecular
cores labeled “H,” and thick atomic PDR surfaces labeled
“HI” with densities ~10* cm™> and 7~200-300K. The HII
gas may form shells of thickness AR;~0.5 pc around the neu-
tral clouds. The O stars are ~3 pc apart, and their freeflowing
winds penetrate ~0.3 pc into the hot plasma.

the average ISM conditions in the solar vicinity: the
pressures, densities, and far-ultraviolet fields are higher
by factors of order 10%, 102, and 10*, respectively. They
resemble the conditions found in PDRs associated with
Galactic reflection nebulae such as NGC 2023.

Two problems have emerged in comparing starburst
nuclei with PDR models. Recent observations of [CI]
609 um emission from M82 (Schilke et al., 1993; White
et al., 1994; Stutzki et al., 1997) and NGC 253 (Harrison
et al., 1995; Israel et al,, 1995) indicate that the C/CO
column density ratio and the [CI]/[CII] intensity ratio
are higher by a factor of 220 than in Galactic PDRs or
standard PDR models. Greatly enhanced cosmic-ray
ionization rates (300 times the local value) or enhanced
C/O abundance ratios have been invoked by some of
these authors to explain the strong [CI]. However, Israel
et al. (1995) invoke a simpler model of a clumpy medium
to produce enhanced [CI]. In addition, Harris ef al.
(1991) have observed CO J=6-5 emission in NGC 253,
M82, and 1C342 to be stronger than standard PDR mod-
els would predict, similar to the discrepancy observed in
classic Galactic PDRs like Orion (see Sec. IV.A). This
may reflect an underestimate of the gas temperature in
the models.

Starburst and Seyfert galactic nuclei have recently
been studied with the Infrared Space Observatory
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(ISO). Many of the studies focused on the ionized gas,
but a number also measured pure rotational lines of H,
from a warm, 7~100-200 K, presumably PDR compo-
nent of the molecular gas (Kunze et al., 1996; Rigopo-
ulou et al., 1996; Sturm et al., 1996; Valentijn et al.,
1996). A common result was that the warm molecular
component comprised a surprisingly large percentage of
the total molecular mass, of order 3—10%.

Starburst and Seyfert galactic nuclei have also been
studied with higher spatial resolution (<1") in the vi-
brational H, lines and in [Fell] 1.64-um emission. The
origin of these lines is still controversial for a number of
sources. For the pure starburst galaxies, the [Fell] seems
likely to originate from supernova shock waves with a
small contribution from PDRs (Kawara et al., 1988;
Mouri et al., 1990b, 1993; Burton, Hollenbach, and Tie-
lens, 1990). For active-galactic-nucleus galaxies, not only
may the winds and jets from the central source generate
shocks, but the x rays from this source may excite the
[Fell] in partially ionized clouds (Mouri et al., 1990b,
1993; Blietz et al., 1994; Moorwood and Oliva, 1994;
Genzel etal, 1995; Maloney etal., 1996; Alonso-
Herrero et al., 1997; Greenhouse ef al., 1997; Veilleux
et al., 1997). Because starburst nuclei are violent envi-
ronments with high rates of supernovae, because the ob-
served H, 2—1 S(1)/1-0 S(1) ratios are often thermal,
and because the H, seems to correlate with the [Fell], it
was long assumed that the H, emission from galaxies
was also shock dominated (see Moorwood and Oliva,
1990; Mouri et al., 1990a). However, Lord et al. (1996)
have discussed how the energetics of a stellar distribu-
tion may favor far-ultraviolet excitation. Likewise, Luh-
man et al. (1994) show that far-ultraviolet-excited H,
dominates the global H, emission in Orion, even though
strong shocks are present, and Luhman and Jaffe (1996)
show that H, emission scales with other PDR tracers in
several Galactic molecular clouds. Goldader et al. (1995)
show a correlation between the H, luminosity and the
far-infrared luminosity for ultraluminous infrared bright
galaxies. Pak et al. (1996) show that large-scale emission
from the Galactic Center, NGC 253, and M82 follows
this same relation, implying that all are far-ultraviolet
excited. In addition, far-ultraviolet-pumped H, can pro-
duce a thermal vibrational spectrum at high densities
(see Sec. IV.B). Therefore there has been a recent shift
towards the idea that H, emission in galaxies may in
some cases be mostly far-ultraviolet excited (Puxley
et al., 1990; Israel and Koornneef, 1991; Tanaka ef al.,
1991; Pak et al., 1996). Mouri (1994) discusses spectro-
scopic methods of separating PDR, shock, and x-ray
components of the H, emission. Goldader et al. (1997),
Sugai et al. (1997), and Vanzi and Rieke (1997) present
recent observations and discussion of the shock versus
PDR origin of H, and [FelI] emission. One place where
the H, emission may not arise in PDRs is within a few
hundred parsecs of an active galactic nucleus, where
x-ray heating may dominate (Mouri et al., 1990a; Rota-
cuic et al., 1991; Blietz et al., 1994; Moorwood and Oliva,
1994; Maloney et al., 1996; Maloney, 1997a, 1997b;
Veilleux et al., 1997; see Sec. V.B below).
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V. PDRS IN DIFFERENT RADIATION FIELDS
A. Planetary nebulae

Observations of HI, Na I, [CII], [OI], H,, CO, and
other trace molecules such as OH, HCO™, and CO*
demonstrate that a significant mass of neutral PDR ma-
terial, of order 1M compared to ~0.1M of ionized
gas, is associated with planetary nebulae (for references,
see recent reviews by Huggins, 1992, 1993; Dinerstein,
1991, 1995; Tielens 1993a; Natta and Hollenbach, 1998).
Clearly, studies of these PDRs are crucial for a proper
understanding of the dynamical and morphological evo-
lution of the ejected material.

The evolution of a planetary nebula begins with a
dusty molecular wind from an asymptotic branch star
(M~10"%-10"*Mg yr !, vgg~10kms™!). During the
protoplanetary nebula phase, the star rapidly (time scale
<10’ yr) evolves to the blue and creates a fast, v
~1000km s~ !, wind. The fast wind drives a shell into the
slow molecular wind at a speed of ~20-25kms™!
(Kwok et al.,, 1978). The increasingly high-energy UV
photons from the evolving star illuminate the circums-
tellar shell and carve out an ionized and atomic zone in
the molecular gas (Pottasch, 1980). Spherical shells tend
to completely ionize in a relatively short time, r=<10%yr
(e.g., Bobrowsky and Zipoy, 1989; Tielens, 1993a;
Gussie et al., 1995; Natta and Hollenbach, 1998). How-
ever, observations of the ionized and neutral gas (e.g.,
Huggins et al., 1992; Graham et al., 1993; Latter et al.,
1995; Kastner et al., 1996; Young et al., 1997) clearly
show that the ejecta are clumped or nonspherical (e.g.,
disk or toruslike). The very evolved Helix nebula shows
particularly clear examples of molecular clumps surviv-
ing until late stages of the planetary nebula’s evolution
(Huggins et al., 1992; O’Dell and Handron, 1996). The-
oretical models confirm that in evolved (1=10° yr) plan-
etary nebulae molecules will survive in dense (n
=10°cm™®) clumps or tori even though the far-
ultraviolet fluxes are large, G,~10*~10° (Tielens,
1993a; Natta and Hollenbach, 1998).

Tielens (1993a) and Natta and Hollenbach (1998) dis-
cuss PDR modeling of planetary nebulae. Proper mod-
els require a time-dependent calculation of the partial
shells or clumps, including the effects of rapid changes in
the stellar effective temperature G and n, as well as the
advance or retreat of the ionization front with respect to
the PDR gas. The H, emission is generally thermal emis-
sion of H, warmed in the PDR to 7~1000-2000K by
grain photoelectric heating, H, far-ultraviolet pump
heating, and soft x-ray heating. Goldshmidt and Stern-
berg (1995) suggest that strong H, emission from young
planetaries is produced in young, nonequilibrium PDRs,
in which the H, has not been fully dissociated.

Shock heating, often invoked in the past, may be less
important than previously believed. For protoplanetary
nebulae powered by cool stars, such as GL 2688, and for
very evolved, low-luminosity planetary nebulae, such as
the Helix, shocks may still play a role in determining the
observed spectral characteristics (Justtanont et al., 1997;
Cox et al., 1998).
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FIG. 39. Flow chart illustrating the loss routes for energetic
electrons in dense atomic and molecular gas (Maloney et al.,
1996). The widths of the arrows indicate the approximate frac-
tions of the primary photoelectron energy that are deposited in
the indicated processes, with branching depending on the
value of the electron fraction x, and the molecular hydrogen
fraction xy,. The energy that goes into exciting the vibration-
rotation lines of H, is thermalized if the gas density is above
the relevant critical densities; otherwise it emerges in emission
lines.

Bachiller et al. (1997) recently studied a large sample
of planetary nebulae in a number of molecular transi-
tions and concluded that PDR chemistry must be in-
voked to explain the molecular chemistry, for example,
the large enhancements of CN, HNC, and HCO™. Con-
siderable work is underway to predict HI, [CII], [O]],
H,, and other molecular emission and to compare exist-
ing observations with PDR models to determine physi-
cal conditions such as the ejected mass (Natta and Hol-
lenbach, 1998; Latter et al., 1998).

B. X-ray dissociation regions

Completely analogous to photodissociation regions,
x-ray dissociation regions (XDRs) can be defined as pre-
dominantly neutral gas in which x rays dominate the
chemistry and/or the heating (Maloney et al., 1996;
Sternberg et al., 1998). X rays can dominate the gas
heating by photoionizing atoms and molecules and de-
positing a significant fraction of the primary and second-
ary electron energy in heat. Figure 39 shows the compli-
cated energy flow that is initiated by the absorption of
an x ray photon. X rays can also dominate much of the
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chemistry through the collisional dissociation and ion-
ization of species by secondary electrons and through
photodissociation and photoionization by far-ultraviolet
photons produced via excitation of H and H, in colli-
sions with secondaries. Molecular gas can be exposed to
x rays in a wide range of astrophysical environments: in
active galactic nuclei, near supernova remnants or fast
shocks, around planetary nebulae with very hot central
stars, and in molecular clouds with embedded x-ray
sources such as massive stars, young stellar objects with
x-ray-active chromospheres, x-ray binaries, or accreting
compact objects. In some cases, like the planetary
nebula cases discussed in Sec. V.A, the x rays are soft
(hv=1keV) and are absorbed in the PDR, so that the
PDR and XDR coincide. However, in many cases, hard
X rays penetrate to columns N=10%>cm ™2 and have pro-
found effects on the chemical and thermal structure of
far-ultraviolet-opaque molecular gas.

The earliest investigations of the effects of x-ray irra-
diation on molecular gas were those of Langer (1978),
Krolik and Kallman (1983), and Lepp and McCray
(1983). Langer focused especially on x-ray-initiated se-
quences of reactions which could produce CH and CH*
in diffuse clouds. Krolik and Kallman investigated the
effects of relatively weak x-ray ionization from embed-
ded stellar sources on the chemistry and ionization bal-
ance of the Orion molecular cloud, assuming a fixed gas
temperature. Lepp and McCray calculated the thermal,
chemical, and ionization equilibrium of an x-ray-
irradiated cloud, for the specific model of a compact
source of x rays embedded in an isobaric molecular
cloud. In addition, they showed that x-ray heating could
be a potentially important mechanism for producing vi-
brationally excited H, emission. Krolik and Lepp (1989)
examined the physical and chemical state of extremely
dense molecular gas exposed to intense x-ray fluxes in
the specific context of a ~1-pc molecular torus around
the nucleus of a Seyfert galaxy. Draine and Woods
(1990, 1991) performed time-dependent calculations of
the evolution of an initially cold parcel of gas exposed to
strong x-ray emission from a supernova shock. Applica-
tions were made to the very bright H, emission in the
interacting galaxy NGC 6240. Other aspects of the
chemistry, thermal balance, and H, excitation in XDRs
have been treated by Voit (1991), Wolfire and Konigl
(1993), Gredel and Dalgarno (1995), Lepp and Dalgarno
(1996), Tiné et al. (1997), and Yan and Dalgarno (1997).

Recently, Maloney et al. (1996) have done a compre-
hensive parameter study of equilibrium XDRs, studying
the density range n=10°-10° cm 3 and x-ray ionization
rates that range from cosmic-ray ionization rates to rates
that nearly completely ionize the gas. The chemical
abundances and temperatures in the gas primarily de-
pend on the x-ray energy absorption rate per particle,
H,, divided by n, equivalent to an ionization param-
eter. For relatively high values of H,/n, the gas is
atomic, warm ( T~ 10* K), and moderately ionized (elec-
tron abundance x,~0.01-0.1). Considerable [OI]

6300 A and [Fell] 1.26, 1.64 um emission is produced.

For somewhat lower values of H,/n, the gas tempera-
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ture drops to T~10°K, the H, abundance rises to
1073-10"2, and considerable H, 2 um emission is gen-
erated. At lower values of H,/n, the emission is domi-
nated by the pure rotational transitions of abundant
molecules like CO and by a number of atomic fine-
structure lines like [OI] 63 wm, [SilI] 35 um, and [CII]
158 wm, which are very bright over a major fraction of
the parameter space. Maloney et al. discuss the spectro-
scopic differences between XDRs and PDRs, in particu-
lar, the large line-to-continuum ratios for bright lines in
XDRs, and show that [Fell] and H, emission observed
in Seyfert nuclei may often originate in XDRs, and not
in shocks as had been previously speculated (see Sec.
IV.1, above).

Figure 40 presents images of H, 1-0 S(1), CO J
=2-1, and optical [OIII] emission in the central 300 pc
of the Seyfert galaxy NGC 1068. The [OIII] marks the
narrow-line region associated with this active galactic
nucleus. The ionized narrow-line region has only a few
percent of the mass contained in the large torus seen in
CO and appears to emerge from the poles of the torus.
The H, emission is coincident with the molecular torus
seen in CO and is likely excited by the x rays from the
central active galactic nucleus, some ~100pc away
(Moorwood and Oliva, 1988; Kawara et al., 1990; Rot-
aciuc et al., 1991; Maloney, 1997a). The [Fell] emission
(not shown in the figure) has also been attributed to
XDR sources by Mouri et al. (1990a, 1990b, 1993), Blietz
et al. (1994), Greenhouse et al. (1997), and Maloney
(1997a).

Models of x-ray dissociation regions have been used
to interpret and predict the spectrum from the molecu-
lar cloud which may surround the x-ray source
1E1740.7-2942, a positron annihilation source (some-
times called the “Great Annihilator”) near the Galactic
Center. It has been suggested that this source is powered
by Bondi-Hoyle accretion from the cloud onto a com-
pact object, such as a stellar mass black hole (Bally and
Leventhal, 1991; Sunyaev et al., 1991). Phillips, Lazio,
and Joseph (1995) found a 15" offset between HCO™
emission and the radio continuum hotspots which are
used to locate the compact object (Rodriguez et al.,
1992; Mirabel et al., 1992). They suggested that the off-
set occurs because of enhanced destruction or reduced
formation of HCO™" in the x-ray field near the compact
object, a suggestion confirmed by XDR models (Lepp
and Dalgarno, 1996; Yan and Dalgarno, 1997). Maloney
et al. (1997a, 1997b) use XDR models to predict ISO-
observable line fluxes in, for example, [OI] 63 um, [CII]
158 pm, and [SilI] 35 um emission produced if the com-
pact objects does indeed reside inside a high-column-
density molecular cloud. If ISO observes these lines,
comparisons with the models will provide estimates of
the gas density, column density, volume filling factor in
the vicinity of the x-ray source, and x-ray luminosity of
the source averaged over the last ~100 years, and these
comparisons will constrain models for accretion from
the interstellar medium.

Neufeld et al. (1994) and Neufeld and Maloney (1995)
applied XDR models to the higher densities, n
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FIG. 40. (Color) Images of the central 300 pc (1”~70 pc) of the Seyfert galaxy NGC 1068. The lower panel shows a 0.7” resolution
IRAM (Institut de Radio Astronomie Millimetrique) interferometric image of CO J=2-1 emission (in red, courtesy of L.
Tacconi) superimposed on an HST optical [OIII] emission (green, from Evans et al., 1991) from the narrow-line region (NLR).
The upper panel shows the same CO emission (contours) superimposed on an image of the H, 1-0S5(1) emission (colors, courtesy
of N. Thatte). The H, is likely excited by x rays from the active galactic nucleus at the center (see text).

~10°cm ™3, and x-ray fluxes incident upon the much
smaller ~0.1—1 pc disks or tori which orbit the central
engines of active galactic nuclei. They showed that lumi-
nous water maser emission is characteristically produced
under these conditions (see also Wallin and Watson,
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1997). The maser emission will be beamed in the plane
of the orbiting disks or tori, explaining the origin of the
observed extragalactic H,O “megamaser” sources. Six-
teen megamasers are now known, all associated with ac-
tive galactic nuclei (see Maloney, 1997b, and references
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therein). Because the megamasers are so powerful, they
can be observed with extremely high precision, and their
dynamical (Keplerian) motions can be mapped very ac-
curately. In the megamaser nucleus of the spiral galaxy
NGC4258, such measurements provide some of the best
evidence for the existence of a massive black hole (2
X 107 M in NGC4258) in the center of a galaxy (Green-
hill et al., 1995; Maoz, 1998).

VI. DIFFUSE, TRANSLUCENT, AND MOLECULAR
CLOUDS IN THE INTERSTELLAR RADIATION FIELD

A. Diffuse and translucent clouds

Because diffuse and translucent clouds are relatively
simple, they are considered prime ‘“‘laboratories” for in-
terstellar chemistry and they have been modeled for de-
cades. A number of detailed models for diffuse and
translucent clouds have appeared in the literature, often
focusing on H, excitation and the abundances of trace
molecules (Glassgold and Langer 1974, 1976; Black and
Dalgarno, 1976; van Dishoeck and Black, 1986, 1989;
Viala, 1986; Viala et al., 1988; Federman and Huntress,
1989). These models have been reviewed by van Disho-
eck and Black (1988) and van Dishoeck (1991, 1998).
Observations of other simple molecules such as CH,
CH", C,, CO, CN, and OH similarly provide constraints
on the chemical models (van Dishoeck and Black, 1988,
1989; Federman et al., 1980, 1984, 1994; Danks et al.,
1984). Likewise, Turner (see Turner, 1996, and refer-
ences therein) has developed translucent cloud models
in order to understand the basic ion-molecule chemistry
of a number of observed molecular species including
HCO™", H,CO, NH;, N,H", SO, SO,, CS, H,S, SO7,
and HCS™.

Some of the premier outstanding problems in the
study of diffuse PDR clouds are therefore also of inter-
est for studies of dense PDRs. The formation of CH" is
a prime example; its high abundance has been a mystery
for many decades. The “natural” way to CH" through
the reaction of C* with H, is endothermic by 0.4 eV. It is
now generally thought that shocks, which at one point
looked so promising (Elitzur and Watson, 1978), cannot
be responsible for interstellar CH* because the ex-
pected velocity shifts are not observed (Lambert et al.,
1990; Gredel et al., 1993). Moreover, the observed ab-
sence of other molecules (e.g., OH) that are easily
formed in the warm post-shock gas leads to contradic-
tions with the models. A variety of other processes have
been proposed that might conceivably lead to high CH*
column densities but most cannot explain simulta-
neously all of the observations, perhaps because more
than one process is operative (Duley et al., 1992). For
example, reactions with far-ultraviolet pumped vibra-
tionally excited H, could in some sources be important
(Snow, 1993), but are unlikely to explain the more gen-
eral CH" problem. Currently, the most promising solu-
tion is chemistry driven by turbulence (see Sec. II.B.2;
Falgarone et al., 1995; Spaans, 1995). Turbulent chemis-
try may also be of importance in dense PDRs.
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Another problem is the role of grain surface chemis-
try in the composition of diffuse clouds. While grain sur-
face chemistry is generally accepted for H, formation, it
is otherwise ignored in studies of diffuse clouds or
PDRs. Observations of NH in diffuse clouds, in combi-
nation with CH and OH observations, may be an impor-
tant probe of the role of grain surface chemistry
(Wagenblast et al.,, 1993). NH has now been observed
towards ¢ Oph, ¢ Per, and HD 27778 with a column
density of =102cm™2 or about 10™* of the gas-phase
atomic N column density (Meyer and Roth, 1991; Craw-
ford and Williams, 1997). NH is notoriously difficult to
form through gas-phase routes because the initiating re-
action of N with H, is highly endothermic (see Sec.
II.B.3.b). Gas phase models for diffuse clouds based
upon this reaction fail to reproduce the observed col-
umn density by a factor of 30 because of the low gas
temperatures. In contrast, models that include formation
of NH on grain surfaces readily reproduce the observa-
tions for typical conversion factors of 0.3 of the accreted
N (Wagenblast et al., 1993). Possibly, vibrationally ex-
cited H3 plays a role in initiating nitrogen chemistry in
diffuse clouds as well (Sec. I1.B.3.b). This reaction pro-
duces a fraction fyy of the gas-phase N in the form of
NH given by fyg=n(H5)/1 cm 3, which is =10 ?n? (n
in cm™?) in the regime where a considerable fraction of
the hydrogen is atomic. Clearly, this fraction is very den-
sity sensitive and in the moderately dense diffuse clouds
towards ¢ Oph and ¢ Per this reaction may be of impor-
tance, albeit, perhaps, not as important as in dense
PDRs. In any case, the low NH/CH and NH/OH argue
against an important contribution of grains to the chem-
istry of OH and CH. Wagenblast et al. (1993) calculate
modest (=10% ) enhancements to the OH column den-
sity and none to CH from grain surface reactions. Grain
chemistry in dense PDRs, such as the formation and re-
lease of methanol to create methanol and OH masers
(Sec. IV.G), warrants serious consideration (Hartquist
et al., 1995).

It is now becoming increasingly clear that diffuse
clouds are highly inhomogeneous at the smallest scales.
First, VLBI studies of galactic HI absorption towards
extragalactic background sources shows structure at the
100-AU scale (Dieter et al., 1976; Diamond et al., 1989;
Davis et al., 1996). Second, time variability in the 21-cm
absorption towards high-velocity pulsars give similar re-
sults (Frail et al., 1994). Third, variations in the strength
of the optical absorption lines of Nal and Call between
binary stars show variations on 1000’s of AU scale
(Meyer and Blades, 1996; Watson and Meyer, 1996;
Blades et al, 1997, see Fig. 41). As summarized by
Heiles (1997), dense, tiny-scale structures are ubiquitous
in diffuse clouds. Likely these reflect the presence of
draped sheets and filaments with thicknesses of =30 AU
and radii of curvature of hundreds of AU in diffuse
clouds (Heiles, 1997). These sheets and/or filaments,
with densities ~1000cm ™3, may contribute =20% of
the cloud column density, yet occupy only a few percent
of the volume. The remainder is filled with lower-density
(~100cm™3), but still cold, neutral gas. Clearly, such an
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FIG. 41. The interstellar Call and Nal absorption lines to-
wards both members of the double star u Cru. These show
line-strength variations that are indicative of the presence of
structure in the ISM on scales smaller than the double star
separation (=7000 AU; Meyer and Blades, 1996).

open structure will have a profound influence on the
penetration of the far-ultraviolet radiation (see Sec.
II.A) and hence on the ionic and molecular abundances;
the Nal to Call variations seem to imply as much
(Meyer and Blades, 1996; Blades et al. 1997). The impli-
cations of this tiny-scale structure for our understanding
of interstellar chemistry and the structure of the inter-
stellar medium in general have not yet been fully
grasped.

B. Molecular clouds

Models of molecular clouds in the interstellar radia-
tion field follow the attenuation of the far ultraviolet
into the opaque regions where carbon is mostly incorpo-
rated into CO (Glassgold and Langer, 1975; Langer,
1976; Clavel et al., 1978; de Jong et al., 1980; Viala, 1986;
Andersson and Wannier, 1993). The photodissociation
of CO and its self-shielding received detailed treatment
by Glassgold efal (1985), van Dishoeck and Black
(1988), and Viala et al. (1988). We shall discuss in Sec.
VII more global aspects of the effect of the interstellar
radiation field on molecular clouds, such as the forma-
tion and destruction of molecular clouds and the regula-
tion of star formation in galaxies. We discuss here three
applications of the effect of the interstellar radiation
field and higher far-ultraviolet fluxes on individual mo-
lecular clouds.
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FIG. 42. Integrated [CII] line intensity contours with contour
interval of 1xX10 3 ergs !cm 2sr™! and a peak value of 7
x107% ergs™' cm 2 sr~! superimposed on an optical image of
NGC 6946 (Madden et al., 1993). For scale, 1'=2.9 kpc.

1. HI halos of molecular clouds

Stacey et al. (1991) observed [CII] 158 wum emission
and found that a considerable fraction of the interstellar
material in the central regions of spiral galaxies lies in
dense C* zones presumably on the surfaces of molecular
clouds. Much of the HI 21 cm emission from the inner
disks of galaxies may therefore be the result of the pho-
todissociation of molecular clouds by the UV starlight of
nearby O and B stars, a conclusion in accord with those
of Allen et al. (1986, 1997) and Tilanus and Allen (1989)
based on high-spatial-resolution maps of HI in MS3,
M81, and M51. Madden et al. (1993) have mapped NGC
6946 in [CII] 158 um (Fig. 42) and concluded that as
much as 70-80 % of the observed HI, especially in the
inner regions, may be photodissociated H,. Allen (1996)
reviews this point of view. In a similar vein, Shaya and
Federman (1986) proposed a galactic model in which the
HI originates on the surfaces of molecular clouds to ex-
plain the radial distribution of HI and the correlation of
HI surface density with morphological class.

These extragalactic observations are related to the ob-
servations of HI halos around molecular clouds in the
galaxy (see Wannier et al., 1983, for an early discussion).
Elmegreen and Elmegreen (1987) found huge HI “‘su-
perclouds” associated with molecular cloud complexes
in the first Galactic quadrant, with masses ~10°—4
X10’M, and average densities n~9cm™>. Chromey
et al. (1989) and Green and Padman (1993) studied a
~2X10°M 4, halo of low-density (2—30cm™3) HI sur-
rounding the Orion molecular clouds, sufficient to shield
the molecular material from photodissociative radiation
and provide a pressure link to the low-density intercloud
medium. Figure 43 shows the HI cloud surrounding the
B3-B4-B5 molecular cloud complex. On a smaller scale,
Spaans and Neufeld (1997) model the relative amounts
of HI and H, in the diffuse cloud G236+39 and show
how the 3D geometry of the cloud affects the relative
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FIG. 43. The HI cloud (gray scale) surrounding the molecular
cloud complex B3-B4-B5. White contours, CO J=1-0. Both
maps at 10kms~!. For scale, 1°=2.3 pc. Figure courtesy of G.
Moriarty-Schieven.

columns of the two species. Andersson efal (1991,
1992), Wannier ef al. (1991, 1993), Andersson and Wan-
nier (1993), and Moriarty-Schieven et al. (1997) made
extensive studies of these halos and found them to be
warm, extended, and probably expanding into the dif-
fuse medium. These halos may therefore be the obser-
vational signature of the far-ultraviolet photoevapora-
tion of molecular clouds. In stronger far-ultraviolet
fields associated with HII regions, the photodissociation
of H, and the photoevaporation process is observed
even more readily in HI 21-cm emission (Roger and
Pedlar, 1981; Roger, 1982; Roger and Irwin, 1982; Jon-
cas et al., 1992; Roger and Leahy, 1993; Heyer et al.,
1996; Moriarty-Schieven et al., 1996).

2. C™ halos around molecular cores in the Magellanic
Clouds and irregulars

A number of observations have been made of the Ma-
gellanic Clouds in CO, [CII] 158 um, and other PDR
lines (e.g., Boreiko and Betz, 1991; Rubio ef al., 1993a,
1993b; Mochizuki et al., 1994; Poglitsch et al., 1995; Is-
rael et al., 1996; Stark et al., 1997). One of the major
conclusions of this work is that the low metallicity in the
Magellanic Clouds leads to a greater penetration of the
far ultraviolet and a greater CO dissociation in molecu-
lar clumps. The result is that the ratio of [CII]/CO is on
average 20 times the typical value in the Galactic plane
(Mochizuki et al. 1994), although there is considerable
variation from point to point (Israel et al, 1996). Pak
et al. (1998) present [CII], H,, and CO observations of
the Magellanic Clouds and model the giant molecular
clouds in these galaxies as having larger column densi-
ties than Milky Way giant molecular clouds, with rela-
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tively small CO cores and extended [CII] halos. Simi-
larly, the CI/CO ratio is also (modestly) enhanced (by a
factor of 2) compared to the galactic value (Stark et al.,
1997). Since H, may exist in the C* zones because of
self-shielding, the ratio X of H, mass to CO J=1-0
luminosity may be significantly higher in the Magellanic
Clouds than in the Galaxy (Israel, 1997). Madden et al.
(1997) arrive at a similar conclusion from [CII] observa-
tions of IC10, an irregular galaxy with low metallicity.

3. CO line profiles and the H, mass to CO J=1-0
luminosity ratio

Because the optically thick 2CO J=1-0 emission
originates largely from the far-ultraviolet-heated PDRs
on the “surfaces” of opaque molecular clouds, PDR
modeling should be able to reproduce the line intensities
and profiles. Tauber and Goldsmith (1990) and Wolfire
et al. (1993) construct models that self-consistently cal-
culate the chemistry, thermal balance, and radiative
transfer appropriate for a PDR model. They conclude
that clumpy models can reproduce the observed cen-
trally peaked profiles; Falgarone et al. (1994) point out
that turbulent velocity fields with some coherence repro-
duce the observed smoothness of the profiles better than
randomly moving clumps.

There has been considerable discussion over the last
decade concerning the correlation of the luminosity of
2CO J=1-0 with the molecular mass of a cloud (e.g.,
Solomon et al., 1987). Wolfire et al. (1993) applied PDR
models to study this correlation. The observations indi-
cate that there is roughly a constant column density, or
Ay, through molecular clouds (Ay~7.5; see Solomon
et al., 1987; McKee, 1989; Sec. VIL.E). In this case, the
cloud’s mass is proportional to its area and, if the CO
line integrated intensity is relatively constant from cloud
to cloud, the CO luminosity will trace area and therefore
mass. (For a dissenting view, that cloud densities are
constant and that the mass is proportional to their vol-
ume, see Leisawitz, 1990). Wolfire et al. (1993) have sub-
jected model molecular clouds to an external far-
ultraviolet flux G and have self-consistently calculated
the temperature and CO abundance as a function of po-
sition in clouds of various mass in order to predict the
2CO J=1-0 luminosity. The PDR models match the
observed correlation well, largely independent of G in
the range 0.1<G,=<10’. Sodroski et al. (1995) present
empirical evidence that the correlation factor changes by
a factor of 20 when one compares the Galactic center
with Galactic molecular clouds at 13 kpc. This change is
hard to reconcile with the model of Wolfire et al., al-
though the metallicity gradient may enhance the factor
gradient in this case.

VIl. THE GLOBAL INTERSTELLAR MEDIUM OF GALAXIES
A. The neutral phases of the interstellar medium

As discussed in the Introduction, diffuse gas in the
ISM is known to exist in three dominant phases: (i) cold,
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diffuse neutral atomic clouds (7=100K; n=30cm?),
(ii) warm neutral and ionized intercloud gas (T
=8000K; n=0.3cm ), and (iii) a hot ionized medium
(T=10°K; n=3x10"3cm 3 McKee and Ostriker,
1977; Kulkarni and Heiles, 1987). Much of the mass is in
the cloud phase, but the volume is largely filled by the
low-density phases. The origin and interrelationship of
these phases and their heating and ionization sources
are amongst the most fundamental questions in this
field.

While the diffuse cold and warm neutral regions are
not traditionally thought of as PDRs, there is no reason
not to identify them as PDRs since many of the physical
and chemical processes that regulate them are identical
to those in dense PDRs. (As a corollary, we point out
that, because of their high surface brightness and com-
pactness, dense PDRs are more amenable to observa-
tions and can therefore shed considerable light on the
structure and evolution of the general diffuse ISM.) The
earliest models for the phases of the diffuse ISM identi-
fied cosmic rays as the dominant energy and ionization
source (Field et al., 1969). After it was shown that the
cosmic-ray flux was much less than was required to ex-
plain observations of the ISM (Spitzer and Jenkins,
1975; Barsuhn and Walmsley, 1977; van Dishoeck and
Black, 1986), far-ultraviolet photons took over the heat-
ing role. In particular, the heating of the interstellar gas
was attributed to the far-ultraviolet photoelectric ejec-
tions of energetic electrons from small (=100 A) dust
grains (de Jong, 1977, 1980; Draine, 1978). However, our
incomplete understanding of the interstellar photoelec-
tric effect precluded firm identification of this process as
the dominant heating source of the cloud and of warm
intercloud media, and various other mechanisms were
explored (e.g., hydrodynamic wave dissipation; Ferriére
et al., 1988).

The studies of dense PDRs can clarify these issues.
The high surface brightness of PDRs and the good cor-
relation of the cooling line and dust continuum luminos-
ity unambiguously identify the far-ultraviolet flux as the
heating source. Observational studies of PDRs therefore
provide strong constraints on the photoelectric heating
of interstellar gas. Moreover, studies of the ‘“dust”
near-IR emission from PDRs highlight the importance
of PAH molecules in the overall radiative balance. This
has led to an overall improved understanding of the
photoelectric process in the interstellar medium. Cur-
rent models for the photoelectric effect working on
PAHs and small dust grains are in good agreement with
the observed cooling rate of the interstellar diffuse
clouds (Verstraete et al., 1990; Bakes and Tielens, 1994).
Wolfire et al. (1995) have used these new photoelectric
heating rates to calculate the thermal balance and stabil-
ity of interstellar gas. These models also include a de-
tailed treatment of the ionization and heating rate due
to soft x rays and cosmic rays. The results show that a
stable two-phase medium (cold or warm neutral me-
dium) can exist with pressures in the range P,;,/k
=10*cm K<P/k<P,,/k=10*cm 3K (see also Ver-
straete et al., 1990). Below P, only the warm neutral
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FIG. 44. A phase diagram for the warm-neutral-medium and
cold-neutral-medium phases of the ISM (Wolfire et al., 1995).
The lines plotted denote thermal balance, where the heating is
mainly by grain photoelectric heating and the cooling mainly
by [CII] for n=1 cm ™ (the cold neutral medium) and by [CII],
[OI], Ly e, and recombination cooling for lower density (the
warm neutral medium). For a given pressure, an equilibrium
solution exists on the line if the slope is positive. The plot
shows the effect of a varying interstellar radiation field (ISRF)
where the standard local ISRF is taken from Draine (1978).

medium can exist; above P, , only the cold neutral me-
dium can exist. The cloud and intercloud media are both
heated primarily by grain photoelectric heating. The in-
tercloud phase is mainly cooled by Lymane, [CII], and
[OI] fine-structure lines and electron recombination
onto charged grains. The cloud phase is mainly cooled
by the [CII] 158 wm line (Wolfire et al., 1995). Figure 44
shows a phase diagram from Wolfire et al. of the ISM,
demonstrating that two phases are possible over a wide
range of far-ultraviolet radiation field, with higher pres-
sures required for two phases when the radiation field
increases. For the local interstellar radiation field, a
thermal pressure of P/k~1-3Xx10? (consistent with
that observed) is needed for a two-phase medium.

Norman and Spaans (1997), Spaans and Carollo
(1997), and Spaans and Norman (1997) have constructed
global, multiphase models of the ISM of protogalaxies
partly in order to understand the origin and evolution of
primordial starbursts and their dependence on the age,
mass, and shape of the protogalaxy. They find that the
starbursts occur at the onset of a multiphase ISM, with
the presence of a cold neutral medium and dust which
leads to opaque, star-forming clouds. There is a thresh-
old metallicity of about 0.01Z5 above which a multi-
phase ISM forms, cold neutral medium clouds are born,
and star formation dramatically increases. More massive
and/or spherical protogalaxies reach this threshold
sooner (redshifts z=2) than flattened and/or less mas-
sive protogalaxies (redshifts z~1.5), and Spaans and
Norman explain the early evolution of dwarf galaxies in
this context. Stark (1997) points out that starbursts asso-
ciated with protogalaxies at z~2—-6 will be extremely
luminous in [CII] 158 um and the fluxes may be detect-
able by ground-based (Antarctica) submillimeter tele-
scopes.
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B. The HI/H, transition in galaxies and the formation of
molecular clouds

Elmegreen (1991, 1993) has constructed simple ana-
lytic models of the self-shielding of H, in order to study
the galactic conditions necessary to produce molecular
clouds in the presence of an external far-ultraviolet flux.
He distinguishes between diffuse clouds (non-self-
gravitating) and self-gravitating clouds and shows that
diffuse clouds can be molecular, whereas self-gravitating
clouds can be atomic, depending on the external pres-
sure P, on the cloud, the far-ultraviolet flux G, the
metallicity Z, and the cloud mass M. A shielding func-
tion SxPP2M 127G determines whether a given
cloud is molecular or atomic: large S implies a shielded
molecular cloud. The functional form of the shielding
function shows why the most massive clouds in a galaxy
might be atomic, why outer galaxy clouds with low P,
might be atomic, why large regions of galaxies can spon-
taneously convert to molecular form following either an
interaction that triggers mass accretion or the passage of
a spiral density wave (both increase P,), and why the H,
can convert back to H once O or B stars form and G,
rises. Elmegreen and Parravano (1994) show that the
pressure may drop below P, (see Sec. VII.A) in the
outer part of a galaxy, leading to the conversion of all
cold atomic clouds to a warm phase and to a much lower
star formation rate per unit mass, consistent with obser-
vations (Walterbos and Braun, 1996). Honma et al
(1995) apply the Elmegreen model to explain the ob-
served rapid transition from H, to HI as a function of
galactocentric radius in some face-on galaxies. They find
that a gradient in metallicity is crucial for the develop-
ment of a sharp transition, because both the H, shielding
by dust and H, formation on dust depend on Z.

C. The destruction of molecular clouds

Once O and early B-type stars are formed in molecu-
lar clouds, extreme-ultraviolet-induced photoevapora-
tion begins to ionize and evaporate the clouds, limiting
the lifetimes of giant molecular clouds (M=10°Mg) to
~30-40Myr (Williams and McKee, 1997). However,
far-ultraviolet photons also destroy the molecular clouds
by dissociating the molecules and heating the atomic
gas. We have already discussed (Sec. VI.B.1) the obser-
vations of spiral arms in galaxies, where HI often ap-
pears downstream of the molecular gas, indicating that
the more massive stars formed in the arms have photo-
dissociated the clouds. Without considering the dynam-
ics of the photoevaporating gas, Diaz-Miller et al. (1998)
treat the photodissociation of clouds of different density
and mass by a distribution of newly formed stars. They
find that lower-mass stars, which do not produce sub-
stantial HII regions, may nevertheless photodissociate a
considerable fraction of the cloud and may even limit
the formation of higher-mass stars in relatively low-mass
clouds. Arthur and Lizano (1997) treat the relative im-
portance of photoevaporation and hydrodynamic effects
in the ablation of self-gravitating globules in compact
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HII regions. Further study of the photodissociation and
photoevaporation of molecular clouds is warranted, cou-
pling a realistic clump distribution of a molecular cloud
with a dynamical model of the photoionization, photo-
dissociation, and photoevaporation produced by both
the extreme-ultraviolet and far-ultraviolet fluxes from
the young stars born in the cloud.

D. The [CII] emission from the galaxy

The FIRAS instrument on COBE has surveyed the
galaxy in the far-infrared dust continuum and various
interesting lines, including the [CII] 158 um and [NII]
205 pm lines (Wright et al. 1991; Bennett et al., 1994; see
Fig. 4). Figure 45 shows the [CII] 158 um map of the
Milky Way (Bennett efal., 1994). The large beam
(=7°) makes COBE sensitive to extended low-surface-
brightness emission associated with interstellar dust and
gas. Still, some structure is apparent, including the Orion
molecular cloud and the molecular ring. The [CII] line is
the dominant cooling line of the interstellar gas,
with an observed luminosity of 5X10'Ls or
L(CIT)/L(far-infrared)=3x10"3 averaged over the gal-
axy. Figure 45 also presents the BICE observation with
a 15" beam of the galactic plane in the direction toward
the galactic center (Nakagawa et al., 1998). On this scale,
as well, there is a good correlation between the [CII]
and the far-infrared dust continuum emission, but the
diffuse components are more pronounced in the [CII]
line: For the diffuse components, [CII]/farinfrared
=0.6%, while active star-forming regions have
[CII]/far infrared=0.2%. In the galactic center, on the
other hand, the [CII)/far-infrared ratio is considerably
lower, perhaps due to a cooler illuminating radiation
field (compare Sec. I11.D) dominated by bulge stars (Na-
kagawa et al., 1995).

The origin of this galactic [CII] emission has recently
been reviewed by Tielens (1994, 1997). Three interstel-
lar components have been proposed as possible “‘carri-
ers”’: the diffuse galactic HI clouds, PDRs on molecular
cloud surfaces, and the diffuse HII plasma. This plasma
may be extended low-density HII regions or the lower-
pressure and larger-scale warm ionized medium. We
shall discuss each of these in turn; their estimated con-
tributions are summarized in Table III.

1. Diffuse HI clouds (cold neutral medium)

Because of their temperatures and densities, diffuse
HI clouds will radiate most of their cooling through the
[CII] 158 um line (Dalgarno and McCray, 1972; Black,
1993). For a few lines of sight the expected [CII] line
emission has been measured in an indirect way; i.e.,
through far-ultraviolet measurements of the population
of the upper level of this fine-structure transition (Pott-
asch et al., 1979). These observations yielded an emissiv-
ity per H atom of about 10~ > erg/s. A subsequent study
measured a somewhat lower cooling rate of 3
X 10~ % erg/s/H-atom (Gry et al., 1992). The earlier study
concentrated on lines of sight characterized by relatively
high far-ultraviolet radiation fields and hence high cool-
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FIG. 45. (Color) The [CII] emission of the galaxy observed by the FIRAS instrument on COBE (top panel, Bennett et al., 1994).
The galactic plane is horizontal with the galactic center at the center. The spatial resolution is of order 7°. The bottom panels show
the far-infrared [CII] line intensity map (/|cyy)) obtained by BICE, the far infrared continuum map (/gr) obtained from IRAS 60-
and 100-um maps, and the ratio of the far-infrared [CII] line emission to the far-infrared continuum emission ({[cy;//gr)- The
spatial resolution is about 15’. From Nakagawa et al. (1998). Note that the bottom panels are much-higher-spatial-resolution maps
of a small portion of the COBE map on top.

TABLE III. Diffuse galactic [CII] emission.

Cooling rate Galactic luminosity Icpsinb| (halo)
Component ergs ! H-atom™! Lo ergem 2s st
Diffuse HI clouds 5. (—26) 3.(7) 7. (=7)
Warm neutral medium 5.(=27) 3. (6) 7. (—=8)
Warm ionized medium 5. (—26) 7.(7) 4. (=7)
HI halos? 5. (—26) 1. (7) -
Observed 3.-10. (—26) 5.(7) 14. (=7)

4PDRs associated with HI surfaces of molecular clouds.
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ing rates (see Sec. I1.C.4). The latter study was predomi-
nantly of stars with relatively low average densities and,
consequently, a large admixture of warm neutral me-
dium. The warm neutral medium cools largely through
Lyman a and [OI] 6300 A emission and is an inefficient
[CII] 158 um emitter. Direct measurements of the [CII]
158 wm emission from high-galactic-latitude clouds,
which also yield 3x10 ?°erg/s/H atom (Bock et al.,
1993; Caux and Gry, 1997), likely also have a relatively
large contribution of warm neutral medium to the HI.
Allowing for these systematic effects, an average cooling
rate of 5X 10" *erg/s/H atom is derived for diffuse HI
clouds (Bakes and Tielens, 1994; Wolfire et al., 1995).
For a total galactic HI mass of 3.5xX10° M, , with about
half in diffuse HI clouds, a total galactic [CII] luminosity
of =3X10"L, is estimated from diffuse HI gas, which
is somewhat less than has been observed by COBE
(Table III).

2. PDRs on molecular cloud surfaces

Airborne studies directed towards the molecular ring
show a good correlation between the [CII] emission and
the CO emission but not the HI emission (Stacey et al.,
1985; Shibai et al., 1991). While part of this might just
reflect a large contribution of warm neutral medium to
the HI in the inner galaxy, which does not contribute
substantially to the [CII] emission, this suggests that the
galactic [CII] emission is associated with PDRs on mo-
lecular cloud surfaces created by nearby OB associations
and/or the ambient interstellar radiation field (i.e., HI
halos). Indeed, the Taurus, Orion-Monoceros, and
Scorpius-Ophiuchus molecular cloud complexes are
readily apparent in the COBE [CII] map (see Fig. 44).
The physical conditions in these HI halos are very simi-
lar to those in the diffuse HI gas (Elmegreen and
Elmegreen, 1987; Andersson and Wannier, 1993) and
hence they are expected to have similar photoelectric
heating efficiencies (see Sec. II). Thus, in this interpre-
tation, the observed CII/CO correlation would imply
that molecular clouds and their halos intercept much of
the total available far-ultraviolet radiation field. This
conclusion is based mainly upon analysis of the [CII]
emission along a few scans across the galaxy associated
with molecular clouds exhibiting massive star formation
(i.e., W43, NGC 6334; Shibai et al., 1991). Studies of in-
dividual OB association/molecular cloud regions in the
solar neighborhood have shown that a considerable frac-
tion of the stellar luminosity is reradiated by the dust in
the molecular cloud during the early phases of evolution
(the embedded and blister phases of HII regions, ~30%
of an O star’s lifetime; Leisawitz and Hauser, 1988; Cox
et al., 1990). However, this is not true for the galaxy as a
whole. IRAS and COBE studies concluded that only
about 20% of the galactic IR emission is starlight repro-
cessed by molecular clouds. Much of the remainder
(70%) originates in HI gas (Sodroski et al., 1989; 1997,
Bloemen et al., 1990). Whether this HI gas could be the
diffuse halos of molecular clouds is controversial. In the
later phases, a significant fraction of the OB associa-
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tion’s light escapes from the local environment. More-
over, in the solar neighborhood, half the O stars are field
stars, whose light similarly escapes. Hence, on the
whole, PDRs on molecular cloud surfaces are not ex-
pected to be the dominant source of the galactic CII
emission and may only contribute ~2/7ths as much as
the diffuse (non-halo) cold neutral medium (Table III).

3. Diffuse HIlI regions and warm ionized medium

COBE also measured the emission in the [NII] 205
pm line (Wright et al., 1991; Bennett ef al., 1994). The
ionization potential of neutral N is slightly above that of
H and hence this emission has to originate in largely
ionized H" zones: warm ionized medium or extended
low-density regions. Such low-density HII regions can
also be important sources of [CII] emission (Shibai et al.,
1991; Heiles, 1994) and, indeed, the observed [NII]
emission correlates well—but not linearly—with the
[CII] emission (INHOCI%;'%; Bennett et al.,, 1994). At the
low densities of such regions, N* and C* are the domi-
nant ionization stages of these elements and, assuming C
and N gas-phase abundances of 1.4X10™* and 6.5
X 107> (Cardelli et al., 1996), the expected [CII])/[NII]
intensity ratio is 10 (Heiles, 1994). The observed galactic
[NII] luminosity (6.8X10°Ly; Bennett efal., 1994)
translates then into a [CII] luminosity of 6.8X10"L,
quite comparable to the observed galactic [CII] emission
(Table II). If N is a secondary nucleosynthesis product,
the N/C abundance ratio in the inner galaxy might be up
by a factor of 1.4 (similar to the observed N/O galactic
gradient; Simpson et al. 1994) and the [CII] luminosity
from the warm ionized medium down by the same fac-
tor. If the warm-ionized-medium phase dominates the
production of [CII], the correlation of CO and [CII] sug-
gests that [CII] and [NII] come from the extended low-
density regions associated with the molecular clouds and
O stars of the inner Galaxy.

The observed nonlinear correlation between [CII] and
[NII] suggests that the warm ionized medium is an im-
portant contributor to the [CII] emission at the higher
observed intensities—i.e., for Ic=10"* ergem?
s 'sr™! corresponding to the inner galaxy—but not at
lower intensities. There is room, then, for a significant
contribution from diffuse HI regions.

4. Discussion

There are three plausible origins for the observed ga-
lactic [CII] 158 wm emission observed with COBE.: dif-
fuse HI clouds, PDR surfaces of molecular clouds, and
the warm ionized medium. The contribution of each of
these components depends on the location in the galaxy
as well as the scale size of the observations. Their con-
tribution to the total galactic [CII] emission is summa-
rized in Table III. Each of these estimates is uncertain
by 50% and hence, except for the warm neutral medium,
each of them could be the dominant one.

In the local ISM, diffuse HI clouds dominate the [CII]
emission with typical intensities of 1-10X10""

ergem 2s 'sr™!. For the halo, we adopt a total
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HI column of 3—4X10%° cosec|b| cm ™2 (Lockman et al.,
1986) of which on average 50% is in diffuse clouds. Per
H nucleus, the [CII] emission from the warm ionized
medium is as important (Wolfire et al., 1995), but locally
the mass of HII is only one-third that of HI (Reynolds,
1993). Indeed, for a typical Hea intensity from
the local warm ionized medium of 3X1077
cosec|b| ergem 25 !sr™! (Reynolds, 1993), the expected
[CII] emission is 2X 107" ergem 2s 'sr™!. If, instead,
we scale from the COBE [NII] observations

Bennett et al.,

(Ing=4%10"% csc|blergem 2s tsr;

1994), the contribution of the warm-ionized medium is a
factor of 2 larger. Locally, molecular clouds contribute
little to the total [CII] emission. Taken together, these
different components can account for much of the ob-
served local [CII] emission. It should be emphasized that
the HI and HII distributions are very irregular and these
estimates should only be considered as averages.

Towards the inner galaxy, the ISM pressure increases
and hence the density in the warm ionized medium in-
creases as well. In addition, the extended low-density
regions may become more abundant. The [CII] contri-
bution from both these sources then becomes compara-
tively more important. Indeed, judging from the [NII]
observations, the warm ionized medium may contribute
substantially to the [CII] emission from the inner galaxy
(and hence the total CII luminosity). As discussed
above, the contribution to the galactic CII emission from
PDRs on molecular cloud surfaces is likely less signifi-
cant, unless HI halos make up a large fraction of the
cold neutral medium.

At high latitudes, a substantial proportion of the far-
ultraviolet stellar flux is absorbed in the warm neutral
medium, which is an inefficient [CII] emitter. At least
15% of the ionizing stellar flux from OB stars has to
escape into the halo to explain the warm ionized me-
dium (Reynolds, 1993) and, likely, the escaping far-
ultraviolet flux is even larger. Because of the larger scale
height, this far-ultraviolet flux will heat the warm neutral
medium rather than diffuse clouds. Since the warm neu-
tral medium is an inefficient [CII] emitter, the [CII]
scale height is expected to be substantially smaller than
the HI emission scale height. Similarly, far-infrared
emission by dust in the warm-neutral-medium phase is
also likely the cause of the rapid drop in the efficiency
[I(CIT)/I(far infrared)] with galactic latitude observed by
COBE (Bennett et al., 1994).

5. Energy balance of the interstellar gas

The observed CII emission is a lower limit to the total
heating rate of the ISM of the Galaxy. Table IV com-
pares the observations to the various energy sources of
the interstellar gas. The mechanical energy input by su-
pernovae is calculated assuming a supernova rate of 2
x1072yr ! and an energy per supernova of 10°!erg.
The mechanical energy input by Wolf-Rayet and OB
stars is taken from van der Hucht et al. (1987). Since a
large fraction of the mechanical energy will be dissi-
pated by strong shocks, and such shocks are inefficient
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TABLE IV. Energy sources.

Luminosity

Source [Lo]
Observations

[CII] 158 pwm 50

FIR 1.7 (10)
Stellar luminosities

All stars 4 (10)

OBA 8(9)
Mechanical energy

SN 2 (8)

WR 6 (6)

OBA 2 (6)

[CII] emitters, it is clear that the heating of the interstel-
lar gas has to result from tapping into the stellar
extreme-ultraviolet and far-ultraviolet energy reservoir
(see Sec. I1.C.4). The efficiency of grain photoelectric
heating [L(CII)/L(far infrared)] inferred from the
COBE observations is only =0.003. The CII observa-
tions of local diffuse clouds in the UV imply much
higher efficiencies (0.05). The low efficiency derived
from the IR observations may reflect the heating of in-
terstellar dust by visible (and far-red) rather than far-
ultraviolet photons. Long-wavelength photons are not
very efficient in heating the gas through the photoelec-
tric effect (Spaans et al., 1994). Alternatively, toward the
galactic center where most of the luminosity originates,
a significant proportion of the far-ultraviolet stellar flux
may be absorbed in the warm neutral medium, which is
an inefficient [CII] emitter.

An interesting sidenote to the [CII] observations of
the Galaxy are found in Malhotra et al. (1997), who
present ISO observations of L(CII)/L(far infrared) for a
sample of 30 “‘normal” galaxies. They find that in two-
thirds of the cases the observed ratio is ~2—7X10"3,
similar to the Galaxy. In the other one-third of the gal-
axies, the ratio decreases with increasing dust tempera-
ture (Gg), suggesting that the positive charging of the
grains reduces the efficiency.

At this point in time, it seems fair to conclude that the
origin of the galactic [CII] emission as well as the heat-
ing of the diffuse interstellar gas is not (yet) completely
understood. Further studies, in particular, of the atomic
fine-structure line emission along a few well-defined
lines of sight (e.g., { Oph, ¢ Per, o Per, a Vir) are within
reach with ISO and could lead to a direct determination
of the heating efficiency of the interstellar gas as a func-
tion of the physical conditions. Analysis of the BICE
data will also provide an important testbed for the vari-
ous theories for the origin of the galactic [CII] emission.

E. Far-ultraviolet regulation of star formation in galaxies

Perhaps the most important process in a spiral galaxy
is the ongoing cycle of stellar birth and death, the cycle
of interstellar gas and dust forming stars and of stars
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blowing off material to replenish the gas and dust in the
ISM. What sets the stellar birth rate in a galaxy? It has
long been suspected that a feedback process exists
whereby stars themselves regulate their own formation
rate. This feedback exists because the winds, ultraviolet
fluxes, and supernova explosions of stars have an overall
destructive effect on the opaque molecular clouds that
form stars. In short, if too many stars form, they destroy
their spawning grounds and the formation rate is
quenched. Several of the feedback mechanisms pro-
posed involve far-ultraviolet processes in the PDR neu-
tral gas.

McKee (1989) and Bertoldi and McKee (1996) ex-
plain the regulation of low-mass star formation and the
observed constancy of Ay (~7.5) or column density in
molecular clouds with a PDR model. They assume that
the rate of low-mass star formation is governed by am-
bipolar diffusion (cf. Shu et al., 1987) and that newly
formed stars inject mechanical energy (via winds) into
the cloud. These winds interact with the ambient cloud
and generate turbulence, which supports the cloud
against gravitational collapse. In the ambipolar diffusion
process, the trace ions remain coupled to the magnetic
field, whose pressure prevents collapse of the ions, while
the neutrals gravitationally collapse through the fixed
ions, retarded by collisions with them. The ambipolar
diffusion rate is therefore set by the ionization fraction,
which depends on the dust shielding of the external far-
ultraviolet flux. In the model, as the cloud collapses, A
increases and the cloud shields out more far-ultraviolet
radiation, the far-ultraviolet-produced ionization level
decreases, the ambipolar diffusion rate increases, and
therefore the star formation rate increases. However,
cloud collapse is halted as the increased star formation
injects turbulent energy. Equilibrium is achieved when
Ay~7.5 throughout the cloud. The external far-
ultraviolet flux, in controlling the ionization fraction in
most of the cloud, regulates the low-mass star formation
rate and the cloud column density (or Ay). One of the
predictions of this model is that in regions of low metal-
licities (or grain opacity per H nucleus), the clouds will
still achieve equilibrium when Ay ~7.5. This implies
that the typical hydrogen column through a cloud will
increase with Z~!, where Z is the metallicity. Pak et al.
(1998) present observations and models of clouds in the
low-metallicity Magellanic Clouds which support this
prediction.

Parravano (1987, 1988, 1989) proposes that a global
feedback mechanism exists in galaxies whereby the
galaxy-wide rate of high-mass star formation is also
regulated by the interaction of the far ultraviolet with
the neutral gas. Non-gravitationally-bound neutral gas
may exist in two phases (cold, ~100K, and warm,
~10*K) in a galaxy, if the ISM pressure lies in a critical
range P, <P<P... (Field et al, 1969; see Sec. VIL.A
and Fig. 43). For pressures P<P_;, only the warm dif-
fuse phase exists. Parravano makes two assumptions in
his modeling: (i) grain photoelectric heating dominates
both phases so that P;, monotonically increases with
Gy (see Fig. 43), and (ii) molecular, star-forming clouds
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grow out of the cold phase (e.g., out of the coalescence
of cold-phase clouds). If the pressure P of the ISM is
greater than P,;,, the cold phase exists, molecular
clouds grow, OB stars form, G increases, and P, rises.
If P, exceeds P, however, the cold phase no longer
exists, star formation drops, which causes G, to de-
crease, which, in turn, lowers P;,. Thus the global OB
star formation rate is regulated so that P ;,~P in galax-
ies. Parravano (1988, 1989) offers some observational
support of this prediction in external galaxies. Rapid
self-regulation can lead to steady star formation rates
(Parravano et al., 1990), but delayed self-regulation,
such as occurs when there is a significant delay between
the formation of the cold phase and the appearance of
non-obscured OB stars, can lead to overstability and
strong oscillations of the star formation rate around the
self-regulated value (Parravano, 1996). Parravano and
Mantilla (1991) discuss the radial dependence of the
state of the ISM in the Galaxy when both the McKee
(1989) mechanism and the above self-regulation mecha-
nism are operative.

VIlIl. CONCLUSIONS, SUMMARY,
AND FUTURE DIRECTIONS

Research on photodissociation regions has shown us
the importance of far-ultraviolet photons in the physics
and chemistry of the interstellar medium. These regions
emit much of the infrared radiation (line and con-
tinuum) in galaxies. Most of the mass of the gas and dust
in the Galaxy resides in PDRs and is significantly af-
fected, via either chemistry or heating, by the far-
ultraviolet flux. PDR models are relevant to regions as
diverse as the warm neutral medium, cold neutral me-
dium, molecular components of the ISM, reflection
nebulae, planetary nebulae, and protoplanetary disks, as
well as to neutral gas associated with HII regions, red
giant winds, and galactic nuclei. Much of the gas is
heated by the grain photoelectric heating mechanism
and cooled by [CII] 158 um and [OI] 63 um emission.
The spectra from PDRs are characterized by luminosity
ratios (Lcy+ Loj)/Lig~1072—10"2. Photodissociation
regions are the origin of an important fraction of the
observed [CII] 158 um, [OI] 63, and 145 um, [SilI] 35
pm, [CI] 370 and 609 wm, low J CO, and CI recombina-
tion radiation. They also emit significant H, rovibra-
tional emission. In regions such as Orion, NGC 2023,
NGC 7027, the Galactic center, and starburst galaxy nu-
clei, the spectra diagnose physical conditions such as the
gas density, the clumpiness of the clouds, the far-
ultraviolet radiation field, and the elemental abun-
dances. New models of x-ray-illuminated molecular
clouds may explain near-IR (e.g., H, 2 um and [Fell]
1.64 um) observations of Seyfert nuclei and supernova
remnants without invoking shocks or star formation.
Grain photoelectric heating explains the existence of
two neutral phases of the ISM. Photodissociation mod-
els are required to understand the formation and de-
struction of molecular clouds in the ISM and the distri-
bution of HI and H, in galaxies. These models predict



D. J. Hollenbach and A. G. G. M. Tielens: Photodissociation regions in galaxies 221

the observed correlations of [CII] 158 um emission with
12CO J=1-0 emission, of (L ¢+ L) with Lz, and of
2CO J=1-0 with H, mass. The far-ultraviolet flux in
PDRs may regulate low- and high-mass star formation
in galaxies and may regulate the column density of
gravitationally bound, star-forming molecular clouds.
Therefore, although the ISM may be ““violent™ and rent
with supernova shocks, the relatively gentle photodisso-
ciation, photoionization, and heating of the bulk of the
gas by UV photons from the more massive stars play an
enormous role in determining the density, structure,
chemistry, temperature, and evolution of the ISM.
Over the next decade, new instrumental develop-
ments are sure to provide a further deepening of our
understanding of PDR-related science. High spectral
resolution, near- and mid-IR spectrometers on 10-m
class telescopes (Keck, VLT), large telescope arrays op-
erational in the millimeter wavelength region, and the
opening up of the far-infrared window to 2.5—4-meter
telescopes—first on the Stratospheric Observatory For
Infrared Astronomy (SOFIA) and then on the Far-
Infrared and Submillimeter Telescope (FIRST)—will al-
low detailed studies of the distribution of various tracers
of PDR structure. Of particular interest will be mapping
the gas temperature distribution using pure rotational
H, transitions and comparing those with distribution of
the far-infrared dust radiation and the unidentified infra-
red features due to PAH molecules. This way, empirical
gas-heating efficiencies can be derived and theoretical
models of the photoelectric heating can be tested in de-
tail. Recall that present gas temperatures derived from
pure rotational H, lines measured with the SWS on ISO
exceed predicted gas temperatures (see Sec. IV.B).
High-level CO lines also indicate higher gas tempera-
tures. Whether this indicates the importance of (warm)
clumps or the presence of another heating source is at
present unclear. Dissipation of magnetohydrodynamic
turbulence may play a more prominent role in the heat-
ing of interstellar gas than hitherto thought. Also, radia-
tion pressure on dust grains can under some circum-
stances (high far-ultraviolet field and low density,
G, /n=10?%) lead to viscous heating of the gas. In gen-
eral, the effect of radiation pressure on PDR dust needs
to be studied, as significant drifting of the grains with
respect to the gas will lead to changes in the far-
ultraviolet opacity of PDRs and in the H, formation
rates in them. In addition, detailed studies of the abun-
dances of various molecular species in a number of well-
studied PDRs (the Orion Bar, NGC 2023, etc.) will pro-
vide insight into the role of far-ultraviolet photons in the
chemical evolution of these regions and will provide de-
tailed tests of models of interstellar chemistry.
Photodissociation regions seem to show structure on
all scales. The importance of this structure for the global
characteristics of these regions is, observationally, not
entirely clear. On the largest scales, PDRs show open
structures allowing far-ultraviolet radiation to penetrate
deep into molecular clouds. On smaller scales, however,
the influence of clumps on the far-ultraviolet intensity
seems more limited, but they do dominate the observa-

Rev. Mod. Phys., Vol. 71, No. 1, January 1999

tional characteristics of the region in some (high-
density) tracers. The origin and evolution of these
clumps are an obvious area of further study. The high
thermal pressures associated with these warm regions
far exceeds that of the surrounding interclump PDR gas
and requires an attractive stabilizing force, presumably
gravity. Likely, these clumps contain a central, low-mass
protostar and they are the PDR counterparts of the pro-
toplanetary disks observed in the ionized gas (see Sec.
III.C). The photoevaporation of the disks/envelopes
around such newly formed stars might then already have
begun during the PDR phase. A region like the Orion
molecular cloud core, OMCI1, contains thousands of
newly formed, mainly low-mass stars. The few massive
stars formed in such a cluster are likely to profoundly
affect the early life history of these newly formed stars—
their total mass, survivability of their disks, planet
formation—through their strong stellar winds, their ion-
izing photons, and their far-ultraviolet photons. The im-
proved spatial resolution of future observing facilities
can clarify the relative importance of these processes.

The origin and evolution of galaxies is closely tied to
the cyclical interaction of stars and the interstellar me-
dium. Stars shape the ISM through the injection of gas
and dust and through their radiative and mechanical en-
ergy, while the ISM forms new stars and planetary sys-
tems through gravitational collapse. As emphasized
throughout this review, far-ultraviolet photons play an
important role in the structure, composition, and obser-
vational characteristics of the ISM. On a galactic scale,
many questions still remain. The origin of the galactic
[CII] 158 um emission is one of these. More generally,
what are the densities, pressures, filling factors, porosi-
ties, dynamics, ionization sources, and cooling processes
of the different phases that make up the ISM throughout
the Milky Way? On this global scale, the mass inter-
change between the different phases is of particular in-
terest. For example, are molecular clouds largely dis-
persed through the mechanical energy input from
massive stars or through the photoevaporation caused
by their UV photons? Also, is there an intimate physical
relationship between the warm-ionized-medium, warm-
neutral-medium, and cold-neutral-medium phases of the
ISM? High-resolution spectroscopy of nearby galaxies in
the sub-mm and far infrared will be instrumental in ad-
dressing these issues. Ultimately, studies of this kind are
of prime importance for our understanding of the origin
and evolution of the ISM in the Milky Way, in nearby
galaxies, and in distant galaxies extending to the earliest
protogalaxies at high redshift.
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