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ABSTRACT

We present calculations of the continuum ultraviolet radiation field (91:2 nm < k < 550 nm) penetrating both
uniform and clumpy (3D turbulent supersonic magnetohydrodynamic) starless molecular gas layers. We find that de-
spite the self-shielding of clumps, pristine (i.e., unreddened) radiation penetrates deeply both the cloud’s volume and
its mass, resulting in a brighter and bluer intracloud radiation field compared to that in an equivalent uniform cloud.
Motivated by these results, we construct and test a toy model ray-tracing scheme for the radiative transfer that fits the
UV-visible spectral range with a three-parameter function. We calculate the photoionization rates, �, of the elements
C, Na, Mg, Si, S, and Fe as functions of the visual extinction AV along lines of sight. Typically, the difference in �(AV )
between the clumpy and uniform clouds increases to orders of magnitude at even modest extinctions (AV � 2). Photo-
ionization in the clumpy model extends 2Y3 times deeper than in the uniform case, and it dominates cosmic-ray ion-
ization throughout almost the entire volume. We encapsulate these average results in a parameterized form appropriate
for when an approximate treatment of the effects of clumpiness is desired. However, the large point-to-point variance in
this behavior suggests that uncertainties may arise when using mean values to model particular lines of sight in detail.
Ideally, these new results would be used in conjunctionwith established results for homogeneous clouds in order to span
a range of behavior that arises due to cloud inhomogeneities. We briefly explore the importance of the adopted dust
properties, characterized by the selective extinction RV and the scattering parameter g. We find that the UV field is con-
siderably less sensitive to these dust properties in clumpy clouds, emphasizing the preeminence of geometry.

Subject headinggs: astrochemistry — ISM: clouds — ISM: structure — radiative transfer

1. INTRODUCTION

Ultraviolet (UV) radiation plays an important physical role
in much of the interstellar medium, through processes such as
photoelectric heating (Bakes & Tielens 1994), grain charging
(Weingartner&Draine 2001), photoionization of metals (Roberge
et al. 1981), and photodissociation of molecules (Hollenbach &
Tielens 1997). Regions in which the UV field plays a dominant
role are termed photodissociation or photon-dominated regions
(PDRs; Hollenbach & Tielens 1999). Importantly, these PDRs
are considered to be ubiquitous in theGalaxy, especially in regions
of enhanced UV radiation fields, and they regulate the physical
state of large quantities of molecular material. For example, the
importance of UVradiation in interstellar chemistry and in deter-
mining the ionization fraction xe ¼ ne/nH (which affects the cou-
pling of the gaswith themagnetic field) must be understood before
the picture of star formation is complete (McKee 1989; Padoan
et al. 2004; Mouschovias et al. 2006).

All of the aforementioned physical processes require some
knowledge of the ambient UV field, typically involving some
form of radiative transfer. For many astrophysical processes the
role of scattering cannot be ignored a priori, complicating the
radiative transfer considerably. As a result, much of the pre-
vious work has been based on radiative transfer results for sim-
ple geometries and uniform distributions of material (Flannery
et al. 1980).

There is abundant observational evidence indicating that mo-
lecular clouds are in fact highly inhomogeneous in their internal
structures on all scales (Perault et al. 1985; Deshpande 2000;
Heiles 1997; Faison & Goss 2001). While clumpiness has long

been invoked to successfully interpret observations that are in-
explicable in a solely homogeneous framework (Martin et al.
1984; Stutzki et al. 1988; Meixner & Tielens 1993; Jansen et al.
1995; Schnee et al. 2006), the inclusion of inhomogeneities in
numerical models has also underlined the difficulties of extract-
ing robust and unambiguous information from such data (Mathis
et al. 2002; Wood et al. 2005). Only relatively recently have the
computational tools become sufficiently powerful and accessible
to allow highly detailed modeling of clumpy regions (Witt &
Gordon 1996; Bethell et al. 2004, hereafter B04; Juvela 2005). A
variety of novel semianalytic methods have also been developed
for solving the clumpy radiative transfer problem (Boissé 1990;
Hobson & Scheuer 1993; Hobson & Padman 1993; Hegmann &
Kegel 1996), although these often suffer from unphysical math-
ematical restrictions such as requiring isotropic dust scattering or
a spatially random clumpiness. Dust scattering is generally con-
sidered to be highly forward-throwing in the UV (Lillie & Witt
1976; Sujatha et al. 2005), and the clumping of dense interstellar
material is considered to be hierarchical, not simply random
(Stutzki & Güsten 1990; Kramer et al. 1998). Nevertheless, these
analytical methods have shed much light on the fundamental na-
ture of the problem.

In brief, a point internal to a clumpy cloud may be bathed in
intense radiation penetrating along a few optically thin lines of
sight, whereas observing that point along a random line of sight
might give the impression that it is deeply embedded, for exam-
ple. The concept of a visual extinction, AV, calculated in the tra-
ditional way and that characterizes the radiative transfer has little
meaning in the case of a clumpy distribution, as the photons that
reach a point in the cloud have not experienced the same extinc-
tion suggested by calculating AV along a given line of sight from
the edge to this point.While this may seem a trivial point to make,
it is absolutely central to the issue of radiative transfer. The obser-
vational characterization of a cloud’s structure is often limited to
a line-of-sight extinction, AV, which as an integral quantity says

1 Department of Astronomy, University of Michigan, Ann Arbor, MI 48109;
tbethell@umich.edu.

2 Department of Astronomy, University of Wisconsin, Madison, WI 53706.
3 Theoretical Astrophysics Center, University of California, Berkeley, CA

94720.

275

The Astrophysical Journal, 667:275Y287, 2007 September 20

# 2007. The American Astronomical Society. All rights reserved. Printed in U.S.A.



almost nothing explicit about the interior three-dimensional (3D)
extinction structure of the cloud. Only by applying very basic
assumptions about geometry can AV be put to any practical use
within the framework of radiative transfer calculations. As has
been shown in B04 and in other similar works, the enhanced
porosity of ‘‘realistically’’ clumpy clouds greatly encourages ra-
diation to penetrate the cloud’s volume, which is generally well
illuminated by the V band (0.55 �m) relative to a homogeneous
cloud of similar mass. On the other hand, one cannot necessarily
make this claim for the clumpy mass. In their clumpy, turbulent
cloud, B04 found the highly self-shielding clumps to be statisti-
cally less well illuminated in the visual spectral band. A comple-
mentary feature arising in clumpy clouds is an enhancement in
the blueness of the penetrating radiation field, attributable to al-
most pristine interstellar radiation passing through optically thin
windows. In other words, as we go to shorter wavelengths, the
‘‘blueness effect’’ will increasingly mitigate the ‘‘mass is dark ef-
fect.’’ One of the purposes of this paper is to demonstrate that the
blueness effect dominates in theUVand that both the clumpymass
and volume are both statistically well illuminated.

The effect of ‘‘realistic’’ inhomogeneities on the radiative
transfer of photoionizing radiation clearly deserves a detailed in-
vestigation. In this paper we explore how clumpy 3D structures
in the dense ISM affect the radiative transfer of ionizing ultra-
violet radiation (k > 91:2 nm). To achieve this goal we construct
a clumpy planar cloud from a magnetohydrodynamic simula-
tion, which we then bathe in the ultraviolet interstellar radiation
field, solving the radiative transfer using a Monte Carlo method.
At every stage we compare these results with those for a uniform
cloud of the samemean density and optical depth. The greatly en-
hancedmean photoionization rates in the clumpy cloud are shown
to follow the parameterized form traditionally used for uniform
clouds, as is predicted by previous theoretical work. The subse-
quent role played by our photoionization rates in the chemistry of
dense clumpy regions, placing an emphasis on the ionization frac-
tion xe, will be explored in a companion paper (Bethell et al.
2007).

The paper proceeds with x 2, in which we introduce the uni-
form and clumpy planar clouds. In x 3 we describe the methods
used to (1) calculate numerically the penetration of an isotropic
and homogeneous external interstellar radiation field (ISRF) into
the model molecular clouds, (2) perform the parametric modeling
of the intracloud spectra, and (3) parameterize the ionization rates
of the elements C, Na, Mg, Si, S, and Fe. In x 3.2 we discuss the
results of our radiative transfer calculations and some of the
more interesting statistics of the radiation field. In x 3.3 we ap-
ply the spectral modeling and test the applicability of its under-
lying assumptions.

Section 4 presents the photoionization rate calculations for our
clouds. We analyze the results as a function of extinction along
lines of sight. Effective � -values and related quantities are calcu-
lated for the clumpy clouds that could be used in existing photo-
chemicalmodels.We conclude this sectionwith a brief exploration
of the effects of changing the dust properties. The implications of
our main results are discussed in x 5.

2. THE MODEL CLOUDS

The existence of clumps on scales far below the Jeans scale
suggests a nongravitational origin for much of the structure. The
supersonic line widths detected in all but the smallest molecular
clouds (Zuckerman & Evans 1974; Evans 1999) are a natural
source of clumpy structure. Indeed, magnetized supersonic tur-
bulence driven on large scales and cascading to smaller scales
seems to offer a plausible explanation for the complex clumps,

filaments, and sheets often seen in observations (Elmegreen &
Scalo 2004; Mac Low &Klessen 2004; Beresnyak et al. 2005).
We base our clumpy cloud model on a 5123 uniform cubical

grid simulation of self-gravitating, drivenMHD turbulence by Li
et al. (2004). The simulations are described fully in that paper.
The data cube we use is a snapshot chosen at 0.8 free-fall times
after starting the gravitational collapse. We choose this snapshot
for its high degree of clumpiness and its statistical homogeneity
(it exhibits no obvious voids that would offset the distribution of
matter). A slice through the clumpy cloud is shown in Figure 1.
The mean density is taken to be nHh i ¼ 103 cm�3, typical of mo-
lecular clouds. The density distribution is well described by a
lognormal distribution (see Fig. 2); the lowest values of nH, of
a few per cm�3, are associated with the interclump medium,
and the largest values, nH � 107 cm�3, with the centers of self-
gravitating cores. The fractions of the cloud mass associated
with gas above densities of 103, 104, and 105 cm�3 are 0.77, 0.25,
and 0.02, respectively. The cores in our cloud do not significantly
skew the density normalization.
The turbulent clouds possess periodic boundaries, which al-

lows them to be stacked infinitely to form a clumpy slab. We use
such a construction to model the skin of a larger molecular cloud,
and we note that the planar geometry is prevalent in similar work
found in the literature (Roberge et al. 1981).
As shown in B04, the differences in these simulations due to

their different Mach numbers and plasma beta values do not have
an effect on the radiative transfer greater than that of the intrinsic
temporal variability in these models, so we restrict our studies to
a single model.
In order to assess the effects of clumpiness, we carry out par-

allel calculations for infinite homogeneous slabs of the samemean

Fig. 1.—Slice of the hydrogen density continuum of the clumpy cloud. This
slice is referenced elsewhere in the paper when we show the morphology of other
physical quantities. Note that this is not a column density map.

BETHELL, ZWEIBEL, & LI276 Vol. 667



density nHh i and physical size L (and thus the same mass), such
that their visual optical depth, looking perpendicularly into the
skin, is �Vh i ¼ 0:93AV ¼ 10. We assume spatially uniform dust
properties and a constant gas-to-dust ratio. Depending on the dust
type chosen, the visual optical depth of a sight line is related to its
column density by �V � 0:6 ; 10�21NH. Computations on the ho-
mogeneous slab are carried out on an a grid identical to that used
for the turbulent slab.

3. THE INTRACLOUD UV SPECTRUM

The transfer of radiation is through coherent, anisotropic scat-
tering by interstellar dust particles. Under these conditions, the
radiative transfer equation can be written as the sum of two terms,
the first term describing the removal of photons from a beam, I(k),
and the second term giving the redistribution of photons scattered
from other directions k0 6¼ k into k. The radiative transfer equa-
tion in its entirety is given by

dI kð Þ
ds

¼ � �absþ �scað ÞnHI kð Þþ
Z

d� k0ð ÞR k0; kð Þ�scanHI k0ð Þ:

ð1Þ

The quantities �abs and �sca are, respectively, the absorption and
scattering cross sections due to dust per hydrogen nucleus, and
R(k0; k) is the redistribution function, reflecting the probability
that a photon is scattered from direction k0 into direction k.

We use two populations of dust grains for which the detailed
optical properties have been calculated byWeingartner &Draine
(2001) and Draine (2003).4 The extinction curves of these popu-
lations are distinguished observationally by their total-to-selective
extinction ratios RV � AV /E(B� V ), and we select populations
for which RV ¼ 3:1 and 5.5, which are appropriate for ‘‘diffuse’’
and ‘‘outer cloud’’ interstellar dust, respectively (Cardelli et al.
1989;Mathis 1990). An increase inRV represents a relative reduc-
tion of UV extinction and is often associated with the removal

of small grains by either grain mantle growth or grain coagula-
tion. While our clumpy cloud represents a dense region (where
RV � 5:5would be appropriate), it also is presumably in contact
with the diffuse ISM (where RV � 3). In order to avoid intro-
ducing an additional complication, we assume a default value
of RV � 5:5. In reality, high- and low-density regions in close
proximity may contain different dust populations. Furthermore,
as pointed out in the original work of Cardelli et al. (1989), var-
iations about these meanRV laws are readily observed in the ISM.
Thewavelength dependences of �abs and�sca are shown inFigure 3.
The redistribution function we use is from Henyey & Greenstein
(1941), although modifications to this are also possible (Draine
2003; Witt 1977). The Henyey-Greenstein function R k0; kð Þ in-
volves a scattering parameter g � cos �h i, where � is the scatter-
ing angle. From this definition it is clear that g lies in the range
[�1, 1], where g ¼ �1 corresponds to pure backscattering, g ¼ 0
to isotropic scattering, and g ¼ 1 to pure forward-scattering. Typ-
ically g is taken to be largely forward-throwing; i.e., g ¼ 0:5Y0.75
in the visible-UV wavelength range (Witt et al. 1990; Sasseen &
Deharveng 1996; Calzetti et al. 1995), although there is a consid-
erable uncertainty in this quantity (Sujatha et al. 2005).

Dust is not the only significant source of UV opacity. The
Lyman-Werner bands of H2 remove a considerable fraction of
the flux in the wavelength range [0.0912, 0.111] �m. The exact
calculation is prohibitively complicated in the context of this
paper; however, an approximate upper limit to the fraction of ra-
diation lost to Lyman-Werner line absorption may be on the or-
der of a few tens of percent (Abgrall et al. 1992; Fig. 13 of Draine
& Bertoldi 1996). The relevant photoionization regime of car-
bon, which has a photoionization threshold wavelength of kth �
0:111 �m, lies almost exactly on top of the Lyman-Werner bands.
The carbon ionization ratemay therefore be diminished by a factor
of a few, the exact value depending on details of the cloud geom-
etry and the H2 line transfer calculations (Spaans 1996). For spe-
cies with larger photoionization threshold wavelengths, the effect
of the Lyman-Werner bands is proportionally less significant. The
typical dust extinction curve rises steeply toward the UV, ensuring
that much of the radiation contributing to ionization is found near
the threshold wavelength.We therefore ignore the Lyman-Werner
bands, concentrating on dust opacity instead, and recognize that
the ionization rates will, to varying degrees, be somewhat over-
estimated. Nevertheless, the comparison between clumpy and
uniform clouds, which represents the main focus of this paper,
will still be a useful one.4 For tabulated data, see http://www.astro.princeton.edu/~draine.

Fig. 3.—Absorption and scattering cross sections for both types of dust (RV ¼
3:1 and 5.5), shown normalized to their V-band values.

Fig. 2.—Statistics of the density continuum in our clumpy model. The solid
line indicates the volume filling fraction of the clumpy cloud occupied by ma-
terial with ( logarithmic) density log10nH , per unit log10nH. The dashed line shows
the corresponding cumulative distribution. The median density is approximately
400 cm�3.
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The radiative transfer equation (eq. [1]) is a boundary value
problem. In our case the z ¼ 0 face is the surface of the skin and
is illuminated by an isotropic interstellar radiation field (ISRF).
Radiation may leave but not enter the z ¼ L face; thus, we ne-
glect the small amount of backscattered radiation emanating from
the bulk of the molecular cloud beyond our skin. This also as-
sumes that there is no radiation traveling through the hypothetical
molecular cloud from its far side, requiring that the total cloud is
considerably optically thicker than our skin (which is consistent
with the idea of a skin). Accordingly, we enforce periodic bound-
ary conditions in the x- and y-directions. In this way we construct
an imaginary skin out of our turbulent MHD cube that extends in-
finitely and periodically in the x- and y-directions and is illumi-
nated isotropically on one face (z ¼ 0) only.

3.1. Reverse Monte Carlo Radiative Transfer

The turbulent clouds are sufficiently inhomogeneous and struc-
tured that the detailed penetration of the external radiation field
must be calculated using a numerical method. We employ the
reverse Monte Carlo (RMC) radiative transfer code described in
B04; we give here only a brief overview. To calculate the relative
mean intensity Jk at position x, the code constructs a large num-
ber of ‘‘reverse trajectories’’ coupling x to the ISRF. The trajecto-
ries are composed of contiguous segments, the length of segment i
being a probabilistic sampling of the optical depth for pure scat-
tering �i;sca that is then rendered as a distance si in physical space.
The corresponding pure absorption opacity �i; abs along the seg-
ment is then �i; sca(1� !)/!, where ! is the albedo. The angles
between trajectory segments are found by sampling probabilis-
tically from the Henyey-Greenstein redistribution function. A
large number of trajectories are initiated isotropically about point x
until the trajectories form a representative, probabilistic represen-
tation of all possible trajectories linking x to the ISRF. The gener-
ation of trajectories depends only on pure scattering, while the
ultimate attrition of photons along their lengths depends only
on their total pure absorption optical depths (pure scattering is
conservative). Care should be taken in properly interpreting
the physical meaning of the ‘‘first’’ and ‘‘last’’ trajectory seg-
ments, although these considerations do not introduce any ad-
ditional technical difficulties.

One notable advantage of the RMC method is that it en-
ables the user to efficiently obtain a uniform signal-to-noise ratio
throughout the cloud, which is of particular importance in self-
shielding clumps, where much of the mass resides, and which are
not necessarily well explored by photons in forward Monte Carlo
(FMC) schemes. Because trajectories must be recalculated for
each point, the method is perhaps best suited to calculating Jk at
a subset of points. We typically calculate Jk at every other grid
point; thus, our original density cube of 2563 cells yields a Jk
cube of 1283 cells, although it is worth noting that the underlying
radiative transfer is still computed using the higher resolution.
Furthermore, the RMC code, despite being three-dimensional,
naturally allows one-dimensional and two-dimensional (2D) cal-
culations to be performed efficiently; one simply places sources
of reverse trajectories along the lines (one dimension) or sur-
faces (two dimensions) of interest. While the potential of the
RMC method has been somewhat underutilized, we feel it pru-
dent to comment on its limitations. Without modification, the
RMC method can be relatively inefficient when the source of
radiation is localized, or when one wishes to calculate the radia-
tion field throughout large volumes. It is therefore unsurprising
that the most efficient scheme has elements of both the forward
and reverse methods. For example, the reprocessing by dust
of UVand visible stellar photons into infrared photons, and the

reheating of dust by this dust emission, is often treated in an FMC
code. However, depending on the problem, the visible and UV
photon transfer may best be treated in an RMC framework, while
the infrared emission is treated with an FMCmethod. The natural
output of our code is the unitless relative mean intensity Jk, the
mean intensity at wavelength k inside the cloud divided by the
ISRF value Ik.
In principle, the procedure described above must be followed

for every wavelength of interest. In x 3.3 and in the Appendix we
describe a method for fitting the spectrum at each point in space
with a function of three parameters. The fits are accurate enough
to reconstruct the continuum spectrum at arbitrarily high wave-
length resolution by calculating ray paths at only�5wavelengths.
This greatly reduces the computational time required for the cal-
culation and provides a conceptual framework for understanding
which factors control the radiation field.

3.2. Results

In one-dimensional homogeneous clouds, the extinction from
the cloud’s edge, AV / nHz, uniquely determines the mean in-
tensity spectrum at a point for a given set of dust properties (!, g ,
RV, etc.). In this way Jk can be related to the observable AV ; that
is, there exists a function Jk(nH; z). Flannery et al. (1980) showed
that for a homogeneous semi-infinite half-space illuminated on
one side by an isotropic radiation field, the relative mean intensity
Jk at wavelength k and visual optical depth �V from the surface
can be written in the form

Jk ¼
X

An exp �Kn�Vð Þ; ð2Þ

where An and Kn are constants to be determined by the particu-
lar problem. In particular, Kn depends on the extinction curve
�k/�V , the albedo !, and the scattering phase function parameter
g. In the asymptotic limit of large �V , equation (2) is dominated
by the smallest Kn value (referred to here as Kasym), so Jk is sim-
ply exponentially attenuated with depth.
The possibility that a function also exists, albeit empirically,

for a clumpy cloud motivates us to consider the uniqueness of
spectra at points that have identical, well-defined physical quan-
tities nH and z. Figure 4 shows the spectra in a narrow range of
densities and physical depths. The large variance in the spectra at
these physically similar points suggests that no useful empirical
function Jk(nH; z) exists for our clumpy clouds. This is not the
same as saying that Jk(nH; z) is independent of extinction, of
course; it is just that the mean extinction at a point is relatively
independent of depth.
B04 claimed that in clumpy spheres, the mass is statistically

less well illuminated byV-band radiation than in the uniform case.
That is, the global distribution of mass as a function of JV peaked
at a lower value of JV in the clumpy models. However, when the
mass-weighted JV was calculated in concentric shells, it was
shown that this effect is largely confined to the regions in close
proximity to the cloud surface, in which, due to spherical diver-
gence, much of the mass resides. The interior of their clumpy
sphere was brightly illuminated in the V band (in both mass-
and volume-weighted senses; see Fig. 6 in B04). In this paper
we consider slabs (which of course do not exhibit spherical di-
vergence); thus, the interior is more evenly represented in these
statistical considerations.
The distributions of mass and volume with JV are shown in

Figure 5.Within our clumpy skin, both the mass and volume dis-
tributions are broadly peaked. As previously discussed, JV varies
exponentially with depth in the uniform cloud according to the
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asymptotic form given by equation (2). In this case the mass is
guaranteed to be distributed uniformly (ignoring binning noise)
among the logarithmic bins in Figure 5.5

The clumpy cloud exhibits a considerably bluer UV spectrum,
as shown in Figure 6, where we have plotted the colors of a ran-

domly chosen subset of points. Note the large scatter in the clumpy
cloud, indicating clearly that there is noone-to-one correspondence
between V-band intensity and color (i.e., spectral slope).

The distribution of mass and volume with UV color is shown
in Figure 7. The corresponding clumpy result shows that statis-
tically, both the mass and the volume are illuminated by bluer ra-
diation. Furthermore, the low-density material sees a bluer UV
radiation field than do the high-density regions, which is consistent

Fig. 5.—Mass (solid line) and volume (dashed line) distributions as a function
of V-band intensity JV in the clumpy (thin lines) and uniform (thick solid line)
clouds.

Fig. 6.—Scatter plot of the UV color J0:1 �m/J0:2 �m as a function of JV in the
clumpy cloud. The solid line shows the result for the uniform cloud. Note that
these colors are relative to the corresponding ISRF color.

Fig. 7.—Histograms of the mass (solid line) and volume (dashed line) frac-
tions of the clumpy cloud with color J0:1 �m/J0:2 �m. The thick solid line shows the
result for the uniform cloud.

Fig. 4.—Spectral data from our RMC calculations, taken from points in the
clumpy cloud with similar values of density and depth position z/L, where L is the
total physical depth of the skin.

5 The truncation of this distribution at small JV is due to the finite depth of
our skin; the neglect of backscattered radiation entering the inner boundary is re-
sponsible for the non-abruptness of the truncation.
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with clumps experiencing additional self-shielding (reddening of
the radiation field).

3.3. The Spectral Fitting Method

The underlying idea behind the spectral fitting method is that
the radiation field at any point in the cloud depends approximately
on three parameters: the fraction of the sky obscured by clumps,
the optical depth of the clumps, and a local component of extinc-
tion related to the immediate environment (see the Appendix).
This representation is meaningful only if the contribution of scat-
tered light is relatively low, a point that we establish in x 3.3.1.
We developed a fittingmethod for two reasons: to reduce the com-
putational time required to calculate the radiation spectrum, and to
see whether the radiation field can be deduced from morpholog-
ical features without actually solving the radiative transfer equa-
tion.Wewere successful in the first quest, but not in the second, at
least for clumpy clouds of the type considered here. As a glance at
Figure 1 suggests, the sky visible from any typical point is too
complex to be parameterized by three variables.

3.3.1. The Importance of Scattering

To show conclusively that the effects of scattering can largely be
ignored, we compute Jk at k ¼ 0:125 �m throughout our clumpy
cloud for a range of scattering parameters: g ¼ 0:5, 0.75 ( believed
to be the physical value), and 1.0. At k ¼ 0:125 �m the clumpy
cloud has an average optical depth of 10�0:125 �m/�V � 50. The
value of g in the visible-UV wavelength range is not expected to
drop much below g ¼ 0:5, while a value of g ¼ 1:0 suppresses
the effects of scattering altogether. In Figure 8we plot histograms
of the discrepancies between J (g ¼ 0:75) and J (g ¼ 0:5; 1:0).
In general, increasing g increases J; forward-throwing scattering
events cause less deviation in a photon’s path, the photon’s total
path length between two points is shorter, and the subsequent op-
tical depth of pure absorption along the trajectory’s length is less.
In uniform planar clouds the effect of changing g is appreciable
(see Fig. 4 in Flannery et al. 1980) and can account for changes in
J of factors of a few. Despite the large average UVoptical depth
of the clumpy cloud, the value of g does not seem to affect the
results strongly. For the majority of points, varying the value of
g by�0.25 about the physical value changes J by less than a fac-
tor of 2. There are a few places in the cloud where increasing g

decreases J; these points are typically in the shadows of clumps
where only scattered photons can reach.
It is worth noting that in the case of g ¼ 1 the photon trajecto-

ries are straight lines and the radiative transfer can be solved using
the conceptually simple and computationally expedient ray-tracing
method, which is precisely what the RMC method becomes.

3.3.2. The Spectral Fits

Having established in x 3.3.1 that the scattered flux is not the
dominant source of radiation, we can more confidently approach
modeling the spectra with a toy model. The parameters are found
using a modified version of the IDL curve-fitting procedure
CURVEFIT. The wavelengths at which we perform the fitting are
k ¼ 0:10, 0.15, 0.20, 0.25, and 0.54 �m. While a different set of
wavelengths may yield different and possibly more constrained
fits, we adopt these values for practical convenience. The fitting
function explained in the Appendix, once expanded, contains two
terms, the first containing only the ‘‘local’’ parameters� and �V ; l.
In the case in which the first term dominates, the fit becomes de-
generate with respect to �V ; g, resulting in a two-parameter func-
tion that is insensitive to the fiducial optical depths of the clumps.
To test the accuracy of the spectral fit, we perform an additional

RMC calculation at 0.125 �m, a wavelength that lies among the
threshold wavelengths for photoionization, and compare these
‘‘test data’’ to the predictions of our fitted spectra. A random sam-
ple of spectra from our clumpy cloud is shown in Figure 9. It can
be seen that the fitting function generally succeeds in fitting the
five data points and, to a lesser degree, predicts the nonfitted test
data at 0.125 �m. The fitted spectra lack the curvature of the true
spectra in the UV. Nevertheless, the agreement is generally good,
and it is rarely worse than that depicted in Figure 9, even at large
attenuations, where one might expect our basic assumptions to
falter. The quantitative discrepancy between test data and fitted
values throughout our clumpy cloud is shown in Figure 10 as a
histogram. The spectral fit at 0.125 �m systematically under-
estimates the true value, but it remains within 0.1 dex of the true
value throughout 90% of the cloud.
The wavelengths used for the fitting were chosen somewhat

subjectively, producing the most consistently reliable fits. Other

Fig. 8.—Comparison between three RMC calculations that differ in the scat-
tering parameter g, but are otherwise identical. Fig. 9.—Test of the spectral fit. The spectra (solid lines) are fitted to the RMC

data ( plus signs). Independent RMC calculations at 0.125 �m (squares) are used
to test the predictions of the model spectra. Each spectrum represents a random
position in the clumpy cloud.
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wavelengths were considered, including 0.22 �m, where we find
the well-known ‘‘bump’’ in the extinction curve. In general, we
found that fitting this point compromised the fit at shorter wave-
lengths, the accuracy of which is of primary concern. This is a
weakness of the underlying assumptions of the fitting function,
revealing that not all wavelengths can be fitted equally well with-
out introducing further parameters into the fitting formula. Un-
derstandably, the fitting method is less successful when applied
to the uniform cloud, as the underlying physical construction of
the method is no longer applicable. We find that it still succeeds
to a depth of AV � 5. Regardless, here the spectral fitting is not
necessarily advantageous, since the uniform cloud requires only
a one-dimensional calculation, and as such the spectra can be
built directly and quickly from RMC calculations.

4. IONIZATION RATES

The direct cosmic-ray ionization rate � � 10�17 s�1 is often
taken as the basal H2 ionization rate in molecular clouds, becom-
ing the dominant source of ionization wherever large extinctions
prevail. Cosmic rays can also ionizemetals indirectly by exciting
Lyman-Werner emission of H2, consisting of photons with suffi-
cient energy to photoionize most metal atoms (Prasad & Tarafdar
1983). Because these photons are produced in the abundant H2

reservoir, they represent to a metal atom a more intense source of
ionization than that due to direct cosmic-ray ionization. These
rates are typically on the order of 10�14 s�1, although this number
is subject to large uncertainties. This is then the basal cosmic-rayY
induced ionization rate for themetals. There has beenmuch discus-
sion over the homogeneity of � both among and within molecular
clouds (Williams et al. 1998; Caselli & Walmsley 2001; Padoan
et al. 2004). Strong evidence for variable values of � could imply
local sources of cosmic rays, complex magnetic topology, or lo-
cal variations in the cosmic-ray diffusion rate, so it is important
for cosmic-ray and galactic magnetic field astrophysics to pin this
down.

The photoionization rate of a species with cross section �ph(k)
is given by

� ¼ 4�

hc

Z
k�ph kð ÞJkIk dk s�1; ð3Þ

where h is Planck’s constant, c is the speed of light, and Ik is the
mean specific intensity of the unattenuated ISRF. For consistency,
we adopt the ISRF of Draine (1978), although we also use the
ISRF ofMathis et al. (1983, hereafter MMP) to briefly test the im-
portance of the choice of the ISRF (see x 4.1). The photoionization
cross sections are taken from the analytical fits of Verner et al.
(1996).

Much of the previous work on photoionization has concen-
trated on mathematically one-dimensional objects (e.g., spheres
and slabs). The subsequent inclusion of these results as photo-
reaction rate coefficients � in the widely used UMIST6 astro-
chemical database (see also Lee et al. [1996] for an alternative)
has led to the following parameterization for general photoreaction
rates:

� ¼ � exp ��AVð Þ: ð4Þ

The quantity � is meant to represent the photoionization rate
in the unattenuated ISRF, �0, and therefore depends on the spec-
tral form of the adopted ISRF. Crudely speaking, � represents the
enhancement of the UVextinction relative to that at visual wave-
lengths, and as such it depends on both the details of the opacity
source (the dust opacity, albedo, and scattering properties) and the
cloud geometry. Aswe noted in equation (2), the exponential form
of equation (4) is reminiscent of the large-AV limit of the solution
to the one-dimensional radiative transfer equation in planar geom-
etry. In this limit, the parameter � would be analogous to the cor-
responding An value (Aasym); however, it is often more closely
identified with the full

P
An, which causes equation (4) to over-

estimate the ionization rate in the asymptotic limit by a consider-
able factor, often in excess of an order of magnitude. To account
for this error, we still use � � �0, but include an additional pre-
factor	 that represents the fraction of�0 carried by the asymptotic
term. One of our main goals is to evaluate the ionization rates as
functions of visual extinction and provide empirical parameter val-
ues that can be used in existing astrochemical calculations. In our
notation we have

�=�0 ¼ 	 exp ��AVð Þ: ð5Þ

The parameter � in the UMIST database would then be re-
placed with 	�0. For �V < 1 the asymptotic solution should not
be used at all; instead, a partial or full expansion of the type in
equation (2) is preferred (Roberge et al. 1981).

4.1. Results

The calculated ionization rates of atomic species exposed to
the unattenuated MMP and Draine (1978) ISRFs are shown in
Table 1, along with the �-values from the UMIST database. The
UMIST values were calculated for the Draine ISRF, which we use

Fig. 10.—Volume fraction histogram of the discrepancy between the spectral
fit and the test data (the true RMC value) in the clumpy cloud for RV ¼ 5:5 dust.

6 The UMIST database is available online at http://www.udfa.net.

TABLE 1

Photoionization Rates �0
(10

�10 s�1
) in the Unattenuated ISRF

Reaction � (UMIST) MMP Draine (1978)

C + h
 ! C+ + e� ...................... 3.0 2.7 3.6

Na + h
 ! Na+ + e� .................. 0.15 0.089 0.13

Mg + h
 ! Mg+ + e� ................ 0.79 0.53 0.82

Si + h
 ! Si+ + e�..................... 31 27 42

S + h
 ! S+ + e� ....................... 5.9 4.9 6.5

Fe + h
 ! Fe+ + e� ................... 2.8 1.7 2.6
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in our calculations. However, some divergence from the UMIST
results is expected, since we use the more recent photoionization
cross sections of Verner et al. (1996). Reassuringly, our Draine
ISRF values generally agree best with the corresponding UMIST
�-values. The MMP field produces ionization rates that are typ-
ically lower than those we obtain from the Draine ISRF, although

they agree to within a factor of 2. In the relevant UV spectral re-
gime, the Draine field can be about 1.6 times stronger than the
MMP field (see Fig. 2 in Evans et al. 2001), and this explains
much of the Draine-MMP discrepancy. The ionization rates cited
inUMIST for the elements C,Mg, Si, and S fall within theDraine-
MMP discrepancy; however, the UMIST values for Na and Fe are
slightly larger than their respective Draine values.
Slices through the carbon ionization rate in the uniform and

clumpy clouds, for which RV ¼ 5:5, are shown in Figure 11. In
the clumpy cloud there is a weak trend of decreasing photoion-
ization with increasing physical depth, although the effect of self-
shielding by clumps is clearly evident when compared with the
density slice in Figure 1.

4.1.1. Ionization Rate versus AV : �-Values

In Figure 12 we plot the mass-averaged ionization rate of car-
bon as a function of AV along lines of sight into both the clumpy

Fig. 11.—Slice of the relative carbon ionization rate�/�0 in the clumpy cloud
(top) and the uniform cloud (bottom). The depth is given in units of cells from the
illuminated face, with the total depth corresponding to L ¼ 4:75 pc. This slice
corresponds to the density slice shown in Fig. 1.

Fig. 12.—Mass-averaged photoionization rate of carbon as a function of AV

along selected lines of sight entering the illuminated face of the cloud. The chosen
lines of sight have a total extinction through the skin of AV � 10. The diamonds
indicate themagnitude of the rms scatter about themean for the clumpy cloud. This
scatter is larger in magnitude than the mean, which indicates that for a given AV ,
there exists a nonnegligible amount of mass that is intensely illuminated. The top
and bottom panels differ only in the adopted RV value used. The gray region rep-
resents an estimate of the cosmic-rayYinduced ionization rate taken from the
UMIST database.
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and uniform clouds. We clearly see a large enhancement in ion-
ization rate compared to that of the uniform cloud, as well as a
large scatter. Fortunately, the variation of �with AV is indeed al-
most exponential, facilitating the parameterization described in
x 4. For 2 < AV < 8 we fit equation (5) to these curves for each
of the photoionization processes considered. The values of �
are given in Table 2, and the values of 	 in Table 3. The clumpy
�-values are relatively constant among the different species and
are less than the corresponding values for a uniform cloud by
factors of 2Y5. We attribute this to the markedly bluer radiation
fields found in clumpy clouds (see Fig. 6). Table 3 measures the
validity of the single exponential fit to Jk with depth in a cloud.
Not surprisingly, the fit is worse in clumpy than in uniform clouds,
because the system is not plane-stratified.

We also see in Figure 12 a large rms scatter about the mean
�/�0. At small AV the standard deviation is less than the mean,
simply because the ionization rate is approaching its maximum
possible value; i.e., that at the cloud edge. At moderate to large
AV the scatter exceeds the mean, indicative of a small fraction of
the cloud mass that is extremely well illuminated. Looking at the
morphology of the cloud, it becomes clear that much of this be-
havior is due to the differences between the interiors and surfaces
of clumps that have an appreciable optical depth. In magnitude
this scatter is comparable to that seen in the calculations of Boissé
(1990), who argues that it arises partially as a result of the reduced
role of scattering, which would otherwise tend to smooth the ra-
diation field.

If we take a more global view of the distribution of ionization
rate with mass and volume, we find the result shown in Figure 13.
Herewe see that while themass in the uniform cloud is distributed
evenly among the logarithmic bins of ionization rate, both the
mass and volume fractions are strongly peaked at large ioniza-
tion rates for the clumpy cloud. Unsurprisingly, in a globally av-
eraged sense, the ionization rate anticorrelates with density in the
clumpy cloud.

In Figure 14we consider the fraction of carbonmass dominated
by photoionization (as opposed to cosmic-ray ionization) as a func-
tion of AV . In the uniform case AV is the sole determining variable,
and consequently there is a well-defined depth (AV � 5:5 forRV ¼
5:5 dust) atwhich photoionization ceases to play the dominant role.
In the clumpy case all of the carbon is dominated by photoion-
ization down to only AV � 3, at which point cosmic-ray ionization
increasingly (if slowly) becomes significant. Clearly, this inter-
mingling of material dominated by photoionization and cosmic-ray
ionization should be addressed when modeling such regions. For
example, one might attempt to model the ionization state of the gas
as a function of AV more realistically by applying our radiative
transfer results (using the �-parameterization) to some decreasing
fraction f of mass given by Figure 14, while the remaining fraction
1� f is taken to be cosmic-rayYionized.

4.1.2. Influence of RV

In the previous sections we have established that a clumpy
geometry allows a few optically thin lines of sight to dominate
the intracloud radiation field. The radiation flowing in these op-
tically thin directions exhibits only a weak signature of dust ex-
tinction. We might therefore expect our clumpy results to show
only a weak dependence on RV . In uniform clouds the effect of

TABLE 2

Values of �

RV = 3.1 RV = 5.5

Reaction UMIST Uniform Clumpy Uniform Clumpy

C + h
 ! C+ + e� ........... 3.0 3.5 0.65 1.5 0.51

Na + h
 ! Na+ + e� ....... 1.8 2.1 0.54 1.2 0.44

Mg + h
 ! Mg+ + e� ..... 1.7 2.1 0.53 1.2 0.43

Si + h
 ! Si+ + e�.......... 1.9 2.3 0.55 1.2 0.44

S + h
 ! S+ + e� ............ 2.6 3.2 0.63 1.4 0.49

Fe + h
 ! Fe+ + e� ........ 1.9 2.3 0.55 1.2 0.44

Note.—The variability in � arising from using different orientations of the
same clumpy cloud is typically �0.03, or less than 10%.

TABLE 3

Values of 	 (10
�2
)

RV = 3.1 RV = 5.5

Reaction Uniform Clumpy Uniform Clumpy

C + h
 ! C+ + e� .............. 20 4.5 17 11

Na + h
 ! Na+ + e� .......... 14 6.7 22 15

Mg + h
 ! Mg+ + e� ........ 22 8.2 28 17

Si + h
 ! Si+ + e�............. 22 6.7 25 15

S + h
 ! S+ + e� ............... 18 4.5 18 12

Fe + h
 ! Fe+ + e� ........... 18 6.7 22 15

Fig. 13.—Top: Fractions of mass (FM ; solid line) and volume (FV ; dashed line)
with carbon ionization rate �/�0 for the clumpy cloud. The thick solid line rep-
resents the same for the uniform cloud.Bottom: Corresponding average overdensity
(the density of a sample divided by the mean density of the entire cloud; i.e.,
FM /FV ) of material as a function of the ionization rate.

PHOTOIONIZATION IN CLUMPY MOLECULAR CLOUDS 283No. 1, 2007



changingRV is known to be large (Mathis 1990; Cecchi-Pestellini
et al. 1995). In the bottom panel of Figure 12 we recompute
�(AV ) for RV ¼ 3:1, the ‘‘diffuse’’ dust value, and find that it
causes a much more rapid extinction of UV radiation in the uni-
form model, but enhances the attenuation only very slightly in
the clumpy cloud. The resulting values of � are tabulated in Table 2
for comparison. The uniform result is highly sensitive to the larger
�UV/�V values of RV ¼ 3:1 dust. This is a persistent trend; as one
decreasesRV , the discrepancy between clumpy and uniform cloud
models becomes increasingly large. It is worth noting that the
UMIST values, which were compiled from a number of sources,
lie in between theRV ¼ 3:1 and 5.5 values for our uniform clouds.

5. SUMMARY AND DISCUSSION

Using a reverse Monte Carlo radiative transfer code and spec-
tral modeling, we have calculated the intracloud UV field and
subsequent photoionization rates in clumpy and uniform clouds.
Our primary goals were to understand the effects of clumpiness
and dust properties on the radiative transfer and photoionization
rates. Our results on radiative transfer are consistent with those
of Boissé (1990), who found order-of-magnitude enhancements
of the radiation field in clumpy clouds.While his calculationwas
restricted to somewhat unphysical density structures and isotropic
dust scattering, we have used a single, more realistic density con-
tinuum and anisotropically scattering dust properties.

The principal results of our calculations are these:

1. Compared to a uniform cloud of similar mass, we have
found that the external UV field penetrates efficiently both the
mass and volume of our clumpy cloud skin, resulting in a more
intense and bluer intracloud spectrum (Figs. 5 and 6). If PDRs
are defined as regions where UV photons play a significant role
in determining the physical conditions (Hollenbach & Tielens
1997), then clumpy clouds even more extended than ours should
also be considered PDRs.

2. The UV radiation spectrum at most points can be fitted to
better than a factor of 2 by a function of three variables: the clump
covering fraction, clump extinction, and extinction by the imme-
diate environment (see Figs. 15, 9, and 10). Spectral fitting sub-

stantially reduces the computational time needed to reconstruct
the radiation spectrum, but fitting parameters cannot be found
from cloud morphology alone; it is necessary to solve the radia-
tive transfer equation.
3. In clumpy clouds the ionization rates of various metals

decrease very slowly with depth into the cloud, enhanced by 2 or-
ders ofmagnitude at values ofAV of only�4. Due to the blueness
of the UV field, variations with depth of the photoionization rates
of elements C, Na,Mg, Si, S, and Fe appear to behave similarly in
the clumpy cloud, in contrast to the uniform cloud, inwhich carbon
ionization tends to be relatively concentrated in the outer regions.
4. Although a large variance is present in the data, we were

able to parameterize the ionization rates in the conventional form
found in the UMIST chemistry database (Table 2). We added a
correction to the single exponential fit law parameterized by 	
(see Table 3). It is our hope that these parameters will prove use-
ful for calculations in which the mean effects of clumpiness need
to be considered, if only at a crude level. Due to the large scatter,
we must emphasize that the parameterized fits are most suitable
for modeling gross properties.
5. The important role played by geometry diminishes that

played by dust properties in clumpy clouds. Our results for the
uniform cloud, adopting two rather different dust populations
characterized by RV ¼ 3:1 and 5.5, support previous work that
emphasizes the importance of the dust properties (e.g., Cecchi-
Pestellini et al. 1995). However, in the clumpy context the ion-
ization rates are almost entirely insensitive to RV (see Fig. 12).

Based on these results, a preliminary discussion of the impli-
cations and consequences is in order.
The penetration of radiation into clumpy clouds is so efficient

that even for the mean Galactic interstellar radiation field, its ef-
fect on photoelectric heating and dust charging remain important
at greater depths than predicted for uniform clouds. Furthermore,
photoionization dominates cosmic-ray ionization for most of
the clumpy mass, even beyond AV ¼ 10. However, cosmic-rayY
dominated regions first make an appearance at lower extinctions,
AV � 3, compared to AV � 5:5 for the uniform cloud. While cal-
culations of the ionization fraction xe and associated ions are left
for a future paper (Bethell et al. 2007), it is clear that xe will be
increased considerably, largely exacerbating the problem of de-
coupling the magnetic field from the gas prior to star formation.
Using arguments based on the ionization rates in smooth cores,
McKee (1989) concluded that photoionization dominates cosmic-
ray ionization down to depths of AV � 4, which constituted the
bulk of molecular material in his models. In light of our results,
photoionization may play a significant role at AV � 10, provided
that the cores are sufficiently clumpy. In the case of carbon, we
neglected the role played by the H2 Lyman-Werner opacity, which
in a homogeneous cloud may reduce the carbon photoionization
rates by a factor of a few. Since we have established the critical
role played by the relatively low optical depth lines of sight, it
seems reasonable that the effects of the Lyman-Werner band may
bemitigated, at least in these low-density regions. Indeed, if these
channels have sufficiently low densities and experience large UV
fluxes, then the molecular hydrogen itself may be almost entirely
photodissociated, reducing theH2 opacity even further. Molecular
hydrogen self-shields against this photodissociation at a column
density of H2 of around 1015 cm�2, although this value depends
on factors such as the density and UV flux (Lee et al. 1996). Of
course, much of the mass resides in clumps, which will be almost
completelymolecular. A self-consistent treatment of the transition
between atomic and molecular hydrogen requires a coupling of
molecular hydrogen formation on grains and radiative transfer

Fig. 14.—Fraction of carbon mass for which the photoionization rate exceeds
the cosmic-ray ionization rate, shown as a function of AV for the clumpy (solid
line) and uniform (dotted line) clouds.
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through the Lyman-Werner bands. To make matters worse, since
molecular hydrogen can potentially self-shield over extremely
small spatial scales, the radiative transfer requires some sort of
adaptive mesh to resolve small transitions. Errors in the method
propagate readily throughout the calculation, since the radiative
transfer depends on the molecular abundance and vice versa. Un-
surprisingly, such calculations are currently limited to one dimen-
sion and can only be extended to higher dimensions by simplifying
the radiative transfer (e.g., Spaans & Neufeld 1997).

Chemical analyses of star-forming cores that assume that photo-
ionization processes play a negligible role in the core evolution (i.e.,
that they are ‘‘dark’’) may need to be reconsidered in the context
of a broader, clumpy cloud structure (Padoan et al. 2004). The
temporal variability of the UV field may also prove to be an im-
portant consideration. The UV field is dominated by direct
flux streaming through a few relatively transparent windows,
which themselves are formed and destroyed on short time-
scales (�105 yr) by the turbulent and bulk motions of clumps
inside the cloud. In the context of nonlinear chemical pro-
cesses, these intermittent periods of UV illumination are suf-
ficiently frequent to enhance photodestruction and ionization
processes while stifling the onset of a rich ‘‘late-time’’ chemistry.
For example, the recovery and photoionization of C from CO
could explain the larger C/CO and C+/CO ratios seen in M17,
where both density inhomogeneities and an enhancedUVfield are
presumably present. On the other hand, the periodic compression
of gas due to supersonic turbulent motions enhances UV self-
shielding, providing a safe environment for the production of
complex organic molecules (Chieze et al. 1991). Garrod et al.
(2005) presented the first detailed time-dependent chemical
models of cores undergoing compression and rarefaction, with
a turnover time on the order of 1 Myr. They found significant
enhancements of important molecules such as CO, H2O, CH4,
and NH3; however, their treatment did not explore the effects of
a time-varying ambient radiation field. B04 and this paper show
that large spatial variations exist in the intracloud radiation
field, which presumably translate to large temporal variations
as the structure evolves.

It may be best to use these parameterized values in conjunction
with those for the uniform cloud. Together they form a pair of
geometries that bracket many intermediate situations. The tabu-
lated values for the clumpy case are likely to bemodel-dependent,
although we lack the time and resources to perform a compre-

hensive study of this dependence. Thus, we are merely presenting
the values for a cloud that we deem to be reasonably realistic and
thatmight prove a useful guide for those reluctant or unable to per-
form expensive radiative transfer calculations of their own.Within
the parameter space of our ‘‘realistic’’ turbulent MHD simula-
tions, we do not expect large excursions from these tabulated val-
ues, primarily because the radiation fields calculated in B04 were
found to be largely insensitive to the physical properties of the un-
derlying models (Mach number, magnetic field strength, etc.).

One important aspect of these results that is somewhat more
difficult to address is the large scatter observed about the average
trends. The traditional parameterization that we continue to ad-
vocate does not and cannot address this issue. A small fraction of
extremely well illuminated mass may become conspicuous when
folded into complex, nonlinear chemical networks. In molecular
clouds the cosmic-rayY and photoionization-driven chemistries
depend largely on the production of Hþ

3 and metal ions, respec-
tively. The chemical evolutions that follow are understandably
quite different. To varying degrees, a line of sight will include re-
gions driven by each mechanism. These regions produce their
own chemical signatures, complicating the interpretation of mo-
lecular observations. Furthermore, the large ionization fraction in
well-illuminated regions will tend to tie this mass to the under-
lying magnetic field. The subsequent suppression of ambipolar
drift will likely play a significant role in the overall evolution of
the cloud and its magnetic field. We will investigate these issues
more deeply in a future paper.

Finally, the dominant role of low-extinction lines of sight
in determining the cloud radiation field reduces the sensitivity
of the intracloud radiation field on the adopted dust model. This
then further complicates the already difficult task of determining
the basic optical properties of dust (! and g) by modeling ob-
servations of inhomogeneous objects such as reflection nebulae
(Witt et al. 1990; Code &Whitney 1995; Mathis et al. 2002; and
for a review, see Gordon 2004).

We are happy to acknowledge useful discussions with John
Mathis,Mark Neyrinck, and especially Fabian Heitsch, who also
assisted us greatly in the use of his cloud models. Material sup-
port was provided by NSF and NASA grants to the University of
Wisconsin, as well as the UW Graduate School.

APPENDIX

SPECTRAL MODELING

The semianalytic works of Boissé (1990) andHobson&Scheuer (1993) identify the unscattered intensity as the dominant component
of the internal radiation field. This corresponds to the predominance of the first term in equation (1) with the scattering opacity removed.
Motivated by this, Hobson & Scheuer (1993) constructed a simple model based on a ‘‘clump covering factor,’’ the fraction of sky
obscured by clumps. This simple model qualitatively reproduced the results of their more detailed calculation. Boissé also noted that his
average clumpy results could be reproduced by using effective optical propertieswith a uniformmedium. This result, despite the unphysical
aspects of the work, suggests that the various types of parameterization used for uniform clouds could also be applied to the clumpy case.

The neglect of scattering is most appropriate when the flux is dominated by a few optically thin lines of sight. This requirement is
relaxed somewhat if the scattering function of the dust is highly forward-throwing, in which case few photons are scattering into or out
of a beam regardless of the number of scattering events.7 Given the large range of column densities in our clumpy cloud and the largely
forward-throwing scattering properties of our dust, it seems intuitively reasonable to describe the radiative transfer in terms of the
following phenomena:

Shadowing.—An observer (situated at a point inside the cloud) sees relatively opaque objects blocking light, with little or no wave-
length dependence when the covering structures have sharp, well-defined boundaries (i.e., large density gradients around clumps).

7 In the case of forward-throwing scattering (g ¼ 1), the redistribution function in eq. (1) becomes a delta function, the integral over which produces a source term that
exactly cancels the effects of the sink term due to scattering of the beam.

PHOTOIONIZATION IN CLUMPY MOLECULAR CLOUDS 285No. 1, 2007



The view from within the clumpy cloud then appears structurally similar at all wavelengths. In this case the role of shadowing can be
expressed as a single parameter, �, defined as the fraction of unobscured sky.

Extinction.— The wavelength-dependent removal of photons from a ray leaves an imprint of the extinction curve on the intracloud
spectrum. In an astrophysical context, this typically leads to reddening.

An illustrative cartoon of the toy model is shown in Figure 15, and its physical interpretation is as follows. If a fraction� ¼
P

�i of
an observer’s sky has a relatively low column density, then the remaining fraction 1� � can be said to be passing only highly at-
tenuated radiation (shadowing) with a characteristic optical depth �V ;g. Both� and �V ;g are essentially global (i.e., are not strongly de-
pendent on local conditions), so to ensure that clumps can self-shield, we introduce a characteristic local optical depth �V ;l that applies
to every direction in the observer’s entire sky. Conceptually, �V ;l could also be partially attributed to the nonlocal low-density material that
fills the interclump volume. Themost important assumptions of the model are that� is wavelength-independent and that scattering events
are sufficiently infrequent or forward-throwing that they do not appreciably remove photons from a beam. The model predicts the spectra
seen by the observer at position A thusly:

Jk ¼ exp � � abs
k

� abs
V

�V ;l

� �
�þ 1� �ð Þ exp � � abs

k

� abs
V

�V ;g

� �� �
: ðA1Þ

The equation is written in this form to emphasize that we find the V-band optical depths �V ;l and �V ;g, which, within the scope of the
toy model, are related to the optical depths at other wavelengths by the pure absorption extinction curve � abs

k /� abs
V . The steps involved

in the spectral fitting are as follows:

1. Using the radiative transfer code, compute Jk at five wavelengths (we use k ¼ 0:1, 0.15, 0.2, 0.25, and 0.54 �m).
2. Compute � abs

k /� abs
V , the normalized pure absorption part of the extinction curve from which the values of Jk were computed (see

Fig. 3).
3. Using � abs

k /� abs
V and equation (A1), find the three parameters �, �V ;l, and �V ;g for each point in the cloud.

4. Test the fit by computing, say, J0:125 �m with the RMC code and comparing this with the prediction of the spectral fit.

The benefits of such a model are twofold; first, it allows one to infer the radiation field at all relevant wavelengths from cal-
culations performed at only a handful of wavelengths, thus saving a considerable amount of computing time; second, the success of
such a model offers a degree of physical insight into radiative transfer in a clumpy medium.
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