RADIATIVE TRANSFER: PROGRESS AND PROBLEMS

V. Ossenkopf

1. Physikalisches Institut der Universitit zu Koéln, Ziilpicher Strafie 77, 50937 Ko6ln, Germany

ABSTRACT

Radiative transfer computations are the basic tool to
derive the physical parameters of the interstellar medium
from astronomical observations. However, many computa-
tions are still hindered by severe problems. The uncertain-
ties start with the input data where the dust scattering
functions, the line frequencies in the infrared and the colli-
sion rates are poorly known. They continue with problems
in the treatment of coherent radiation, partial redistribu-
tion, and the representation of maser spots.

Nevertheless, numerical simulations of radiative trans-
fer experienced a tremendous progress over the last years.
Molecules with hundreds of levels including rotational-
vibrational transitions are simulated. The codes start to
include the correct treatment of continuum pumping and
overlapping lines, and first steps are made to deal with
maser beaming, polarisation and partial coherence.

We get a better feeling which approximations are to be
applied in certain situations allowing rapid data reduction
but acknowledging that there is no standard way. Grow-
ing experience from the simulations shows, however, that
a large part of the former knowledge on the interpreta-
tion of measurements has to be revised. In the analysis
of molecular line data ambiguity of the solutions is the
rule, not the exception. The results confirm the general
wisdom that numerical models can explain many obser-
vations but do not necessarily lead to a true physical and
intuitive understanding of radiative transfer in the inter-
stellar medium.
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1. INTRODUCTION

Astronomical observations of the interstellar medium can
only provide the information carried by the radiation ar-
riving on earth. However there is no direct way to derive
the properties of the radiating matter. Radiative transfer
(RT) models are required to compute the relation between
these properties and the emergent radiation.

In the wavelength range covered by ISO observations
the radiation is mixed of contributions from molecular and

atomic lines, dust continuum, and emission bands, proba-
bly due to PAHs and other large molecules. Hence, all RT
computations should include continuum and line radiation
in a combined way.

Nevertheless, this review can not cover all aspects but
the examples will be biased to the long wavelength range
and line radiation simply because this is the field of my
main experience. Water lines in the far infrared will pro-
vide one of the main examples. Water is an important
coolant in several processes and the lines probe an ex-
tremely wide range of physical conditions. The lines are
strongly affected by radiative pumping from the dust con-
tinuum. From the viewpoint of RT computations, water
is one of the most challenging problems due to the coexis-
tence of optically very thick, optically thin and masering
transitions within the same frequency range for typical
cloud conditions.

2. WHAT DO WE NEED ?
2.1. Need for radiative transfer computations

To judge the importance of RT computations we have to
consider how information can be retrieved from astrophys-
ical observations. This is schematically shown in Fig. 1.
Whereas the space of physical parameters describing a
molecular cloud is at least 24 dimensional, measurements
can only provide an intensity distribution at the sky as
function of frequency'. Thus it is principle impossible to
extract all information about a cloud from the observa-
tions. Ambiguities are unavoidable.

The problem must be tackled by an - often implicit -
model for the interstellar object. This model my be given
by the assumption of a unique temperature when using ro-
tation diagrams for the line analysis, the assumption of ho-
mogeneous conditions when using the escape probability
analysis or a more sophisticated model. RT computations
are needed to derive observable quantities like intensities
distributions, line profiles or polarisation patterns from
the models?. The comparison of these observable quanti-
ties with the real observations constrains the models de-
termining their parameters or detecting violations. One

! Often some additional information can be retrieved from
polarisation and coherence.
2 They are also required to make models self-consistent.
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Figure 1. Sketch of the general way astrophysical information
can be obtained from the observations. Knowledge comes from
the determination of model parameters or the model violation
when comparing computed and observed quantities.

has to keep in mind, however, that there is no direct ac-
cess to the interstellar clouds. We will only learn about the
models. The growth of knowledge comes from the iterative
process of making “relevant” observations and improving
the models. Here, the RT computations play a key role.

2.2. Need for new input data

In the equation system which has to be treated for a self-
consistent solution of the radiative transfer problem nu-
merous input parameters are still poorly known.

A first unknown is the frequency of many lines. The
line predictions by Schilke et al. (1999) disclose a defi-
ciency of data at frequencies above 1 THz. Here, labora-
tory data are often lacking. Without them it is impossible
to compute the correct mutual pumping and shielding of
different molecules and the interpretation of maser emis-
sion stimulated by line overlap.

The situation is somewhat better for the transition
strengths. The comparison of typical models and exper-
iments (Lynas-Gray et al. 1995, Coudert 1997) reveals er-
rors and uncertainties of up to a factor 2 but typically well
below 20 % for many water lines which seems acceptable
regarding normal observational uncertainties.

A problem arises, however, when the collisional exci-
tation dominates. The existing data bases for collisional
rate coefficients (e.g. Green et al. 1995) are mainly based
on computations performed for collisions with He atoms
instead of Hy molecules. A new computation by Phillips
(1998) using Hs collisions for the five lowest water levels
showed that the rate coefficients may deviate by up to a
factor 1000 from those computed for He collisions (Green
et al. 1993). Until now, we have no consistent data set of
water collision rates covering the important 30-50 lowest
levels.

To estimate the possible effect of this uncertainty, we
have used a toy model of a spherical isothermal cloud at
120 K with a power law r—2 density decay and computed
the emergent line intensities either using the set of He
based collision rates or by replacing the collision rates for
the lowest five levels in this set by the H, based rates.
Fig. 2 shows the resulting radial behaviour of the level
populations and the profile of the 752 GHz line of para-
H,O0.
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Figure 2. Radial dependence of four level populations of para-
H> O resulting from the toy model (upper panel) and the corre-
sponding 752 GHz line integrated over the whole cloud (lower
panel). The solid lines were computed using the He based col-
lision rates and the dashed lines are results using the mized
set of collision rates collision rates with H> based rates for the
lowest 5 levels.

The modification of the collision rates translates into
a change of the line intensity by a factor 3. The effect
is lower at smaller temperatures and in case of stronger
infrared pumping but may grow up to a factor 10 when
taking less realistic cloud parameters. Knowing that the
many collision rates that we use today are wrong, we must
admit that errors in the order of a factor 3 can occur



when computing water abundances, cooling rates or the
ortho/para-ratio from far infrared water lines.

In continuum RT the general behaviour of the dust
opacity in molecular clouds throughout the infrared is to-
day relatively well known from laboratory data (e.g. Os-
senkopf & Henning 1994). However in the details of the
band structure, determined by the chemistry and struc-
ture of interstellar grains and PAHs, many questions are
left which are discussed elsewhere in this volume (see Hen-
ning et al., Joblin et al.). One of the big unknowns is
the spatial scattering function. Almost all existing RT
codes assume isotropic scattering and emission neglect-
ing that the angular scattering function of any dust grain
is anisotropic and — even worse - unknown for realistic
grain shapes (Bohren & Huffman 1983). Combined effort
in the solid-state physics of small particles and the nu-
merical solution of Maxwell’s equations under complicated
boundary conditions is needed to obtain reliable scattering
functions.

These examples demonstrate only a few open questions
and many more open questions could be added.

3. WHAT DO WE KNOW ?

Over the last years the numerical simulation of RT expe-
rienced a tremendous progress. The development in com-
puter technology pushed codes that are self-consistent in
the sense that they compute the local excitation and tem-
perature from the assumed cloud geometry in the same
RT frame like the emergent brightness distribution and
line profiles. On the other hand new approximations are
developed for scenarios that are still beyond the capabil-
ities of the self-consistent codes. They use sophisticated
guesses for the local excitation, estimating the radiative
interaction of separate cloud regions and shielding effects.

Here, I will introduce only a few aspects of the RT
computations and discuss how they are treated in some
selected codes. The sketch is far from providing a complete
overview and favours codes that are used by me and my
collaborators — not because they are more advanced than
competitive codes but simply because I know them better.

According to the strong interaction of line and con-
tinuum radiation throughout the whole wavelength range
observed by ISO a coupled treatment of line and contin-
uum RT is required for many questions. However, a fully
self-consistent treatment of both branches, taking the in-
fluence of line cooling onto the dust temperature and of
the continuum transfer onto the line excitation into ac-
count, is only used by Doty & Neufeld (1997) (see also
Doty 1999). Most codes still perform a separate treat-
ment or consist only of one of these components. Even
if the line and continuum RT problem is not solved simul-
taneously the interaction can be taken into account in an
approximate way. Gonzalez-Alfonso et al. (1998) showed
that the simple coupling of water lines to a continuum
radiation field was able to explain the observed near and

mid infrared intensities. I will follow the traditional way
discussing both branches separately when introducing the
different, aspects of RT computations.

Dimensionality: In line RT 2-D models became a
standard (Hogerheijde et al. 1999, Phillips 1998, Dulle-
mond 1998) and first 3-D simulations are performed (e.g.
Juvela 1997). Numerous 1-D codes are available. A collec-
tion of references with competitive test cases is provided
by van Zadelhoff et al. (1999). In continuum transfer sev-
eral 3-D codes have been introduced (e.g. Wolf et al. 1999).

Resolution: As the dimensionality of the problem
grows, more sophisticated methods are necessary to obtain
a reasonable spatial resolution in the simulations. Taking
e.g. the 3-D Monte-Carlo line RT code of Juvela (1997),
current computer technology constrains the spatial grid
to 32% points. Applied to the hydrodynamic simulations
of Padoan et al. (1998) this is still insufficient to resolve
all main structures. A possible solution is to apply nested
grids, already implemented in some transfer codes (Wolf
et al. 1999, Fabiani Bendicho et al. 1999). They can cover
several orders of magnitude in length scale for objects like
protoplanetary disks or multiple systems but can hardly
help for fractal turbulent clouds.

Another way is the computational separation of the RT
at separated scales. A possible approximation is the use of
escape probability methods on the small scale embedded
in a low-resolution RT code at the large scale (e.g. Os-
senkopf et al. 1999). Another approach is the combination
of 1-D RT codes at different scales to describe a 3-D prob-
lem. Kriigel & Siebenmorgen (1994) simulated hot spots
in M82 combining 1-D continuum RT computations for
the environment of hot stars with a large scale 1-D RT
scenario for the inner galaxy. The same kind of separation
is used in line RT computations by Zielinsky et al. (2000).
They combine a spherical 1-D code with a plane-parallel
configuration describing a clumpy photo-dissociation re-
gion. This treatment is not self-consistent but provides a
reasonable approximation for effects which would be oth-
erwise unaddressable due to resolution limitations.

Turbulence: A physical effect directly related to the
resolution problem is the treatment of turbulence stretch-
ing over many orders of magnitude in length scale. In most
cases a full representation of turbulence is neither required
nor possible. Statistical approaches are more appropriate.
One can either assume a certain statistics of the coherent
structures and simulate the behaviour of a large number
ensemble (Martin et al. 1984) or assume certain statis-
tical properties of the fluctuation spectrum (Kegel et al.
1993). Then it is possible to incorporate a representation
of turbulence on the microscale into larger RT codes for
particular cloud geometries (e.g. Piehler & Kegel 1995,
Ossenkopf et al. 2000).

Characteristics: The most time consuming compu-
tation in the numerical solution of the RT problem is to
follow a large number of rays required to compute the
radiative energy density at each point of the cloud. Ad-



vanced techniques are required to find optimum spacings
and directions to get a good angular coverage at each point
with as few rays as possible. Using long characteristics, i.e.
rays running through the whole cloud, adaptive ray grid-
ding (e.g. Gonzalez-Alfonso & Cernicharo 1997) provides
an efficient method. In 2-D and 3-D codes, short charac-
teristics, i.e. rays connecting only neighbouring or close
points (e.g. Dullemond 1998) are more efficient. An al-
ternative is the use of random characteristics, where the
angular coverage is given by Monte-Carlo integration or
Monte-Carlo ray-tracing (e.g. Hogerheijde et al. 1999). Ju-
vela (1997) has shown that quasi-random distributions are
favourable here.

Saturation: In parts of a cloud which are optically
thick with respect to the considered radiation convergence
of an ordinary non-local solver is extremely slow because
the information propagates in each step of the iteration
process only by the free path length of the photons. This
can be circumvented applying a local diffusion approxi-
mation in continuum transfer (see e.g. Chick et al. 1996)
or the more general approximate A operator (Olson et al.
1986 or Rybicki & Hummer 1991, 1992). Here, all contri-
butions from the local scattering are implicitly included in
a modified system of balance equations, virtually remov-
ing them from the RT computation. In line transfer the
problem can be addressed in a similar way by a core satu-
ration scheme based on different treatments of photons in
the optically thick line center than in the thin line wings
(Hartstein & Liseau 1998). This was used e.g. by Juvela
(1999) providing a considerable speed-up.

Acceleration of convergence: Even with an approx-
imate A operator convergence can be quite slow. It is de-
sirable to guess the converged solution already from a few
iteration steps. This kind of acceleration can be performed
by extrapolating the changes to minimize residuals (Ng
1974) or by constructing conjugate gradients in the space
of residuals (Klein et al. 1989). A comparative overview
for both methods was given by Auer (1991). The accel-
eration methods are numerically simple and improve the
convergence drastically.

Line overlap: Whereas traditional line RT codes com-
pute each line individually, energy transfer between differ-
ent lines can be essential both concerning different transi-
tions of the same molecule and lines from different species.
Gonzélez-Alfonso & Cernicharo (1997) treated the line
overlap defining frequency subgroups in a 1-D RT code.
Taking the mutual pumping and shielding of different SiO
isotopes into account this provided an self-consistent ex-
planation of the observed maser intensities.

Number of species: The example demonstrates that
it is necessary to solve the problem simultaneously for all
species that may be radiatively coupled. For line RT a de-
tailed analysis of the line positions and Doppler widths is
required. The situation is obvious but more difficult for the
continuum transfer. All dust materials, sizes, and shapes
have to be considered. Taking the possible aggregation of

dust into account this opens up a huge parameter space
of dust species (Ossenkopf 1993). Some models (e.g. Efs-
tathiou et al. 2000) take the different materials and grain
sizes into account, but there exist only first attempts to
incorporate a possible shape distribution (e.g. Wolf et al.
2000).

Non-equilibrium effects: For small dust grains the
additional effect of temperature fluctuations has to be
taken into account. The grains have to be treated as quan-
tum systems like the molecules using a distribution of
excitation levels or temperatures. This was addressed by
Guhathakurta & Drain (1989) and Siebenmorgen et al.
(1992) explaining the observed mid-infrared excess in re-
gions with high ultraviolet flux. Non-equilibrium has to
be considered too in systems with high velocities like su-
pernova shells where the material can travel to regions
with different excitation conditions within the lifetime of
an excited state.

Masering: A moderate inversion of some level popu-
lations is typical for many molecules under various inter-
stellar conditions and is taken into account by many RT
codes. However, the simulation of saturated masers faces
additional problems because coherence becomes a decisive
quantity. It is no longer sufficient to compute the inten-
sity of the radiation but phase and polarisation play a
role. This results in effects like strong amplification, spot
confinement, beaming, partial coherence, and polarisation
and requires special techniques in RT. A comprehensive
overview on these topics and their treatment in RT was
provided by Field (1998).

Polarisation: Beside maser radiation which is often
strongly polarised every dust scattering event leads to a
partial polarisation. Including scattering polarization in
their RT code Wolf & Henning (1999) were abel to derive
strong constraints on the geometry of protostellar disks
from the observation of polarisation patterns..

Today RT codes have addressed many of the questions
and problems mentioned above. Although there is not yet
any code dealing with all of them and quite a lot of work
has to be added, we are not far from a self-consistent de-
scription of RT in the interstellar medium.

4. WHAT DO WE LEARN ?
4.1. How to learn from the numerical computations ?

Taking the possibility to simulate the RT in almost any
configuration we are left with the question how to use
these codes.

There is a huge space of parameters growing quickly
when going from 1-D to 2-D or from 2-D to 3-D. Without
additional assumptions, it is impossible to constrain all
spatial variations of density, temperature, chemical abun-
dances, velocities etc. from the fit of the observations.
Young et al. (1997) derived parameters for a 1-D model
from the fit of the observed position velocity diagram in



one ammonia line and showed that no more than 7 param-
eters could be reliably determined. Ossenkopf et al. (2000)
found that the simultaneous fit of the profiles and spatial
extent of 3 to 4 different CS transitions can provide only
5 or 6 parameters in a 1-D spherical model.

Observable intensities, including the effects of satura-
tion and self absorption, are mainly determined by the
size, density, temperature, and gradients in the main ex-
citing region, and less by accurate geometric constraints.
A 1-D code is sufficient to deduce these quantities from
the observations. Models beyond 1-D are justified, if we
have either clear evidence from the observational data or
the known physical processes that spherical approaches
must fail or if we want to interpret the fine structure of
the velocity profiles, e.g. to distinguish infall from rota-
tion. Regarding the number of parameters at higher di-
mensions it is impossible to retrieve reliable data for all
of them without additional constraints from sophisticated
theoretical models.

The interpretation of observations needs a balance be-
tween the amount of information observed, taking into
account the observational limitations like noise and res-
olution, the assumed or known complexity of the inter-
stellar region used in the modelling, and the complexity
of the line formation process. It is for instance useless
to construct complicated geometrical models to improve
the fit of sub-mm water lines by a few percent as long as
we don’t know exact collision rates and we do not model
the complete radiative pumping from other species. Self-
consistent RT computations should be performed to in-
terpret most observational data but there is no general
clue which model is to be applied for which data and the
balance of information has to be reconsidered for every
object.

Because of the natural ambiguity of the observations
a numerical fit of observational data never guarantees a
true representation of the physical structure. The fit of
observational data by an adopted model does not provide
much knowledge. We can learn more from an unsuccess-
ful attempt to fit the data since this provides some real
constraints. This opens some real understanding of the
general relations from the numerical simulations. In gen-
eral, the results of many runs with different models have to
be examined to find the underlying physical laws. On the
other hand these results can help us to create new analytic
methods and approximations that will be implemented in
more efficient numerical codes.

4.2. What about the traditional knowledge ?

Self-consistent numerical RT computations are available
today which are at least in 1-D fast and reliable. Is there
any way to interpret the results in terms of rules of thumb
and how do they influence the traditional rules of thumb
used as a kind of standard in the data reduction ? I can
address only a few examples.
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Figure 8. CO molecular emissivity (line intensity per column
density in the optically thin case) as a function of the sur-
rounding gas density at 100 K in four frequently observed tran-
sitions. The big dots on the curves for the four transitions mark
the corresponding critical densities.

The first rules come from the correct treatment of the
molecular level structure compared to a two-level system.
In Fig. 3 we show the molecular emissivity in four CO lines
obtained from the statistical equations without any RT,
i.e. taking only the cosmic background radiation into ac-
count. The density of the surrounding gas at Tijn = 100 K
is varied. We can critically examine the two traditional
concepts that i) optically thin lines measure the total col-
umn density, ii) strong lines indicate material at densi-
ties above the critical density of that transition. The plot
shows that the emission in each line becomes negligible at
very low densities. No line traces the full column density
including thin material. Moreover we see that only in the
high-J lines the critical density is a good measure for the
onset of strong emission. In warm gas, the low-J emission
can reach its equilibrium value already at densities a fac-
tor 100 below the critical density. The same computation
can be done for each atomic system to get a more reliable
first hand estimate.

Often escape probability methods, like the LVG ap-
proximation, are used to obtain some representative val-
ues for the density, column density and temperature of a
cloud. Although the LVG approximation is a useful tool
in the excitation analysis for many situations (Ossenkopf
1997), the systematic comparison with results from a self-



consistent 1-D RT code (Ossenkopf et al. 2000) shows that
it is rarely as reliable in data reduction. The derived col-
umn densities are accurate within of a factor of a few, but
the escape probability provides no reasonable measure for
the gas density and is useless for the temperature determi-
nation. Regarding the simplicity of 1-D codes they should
be always favoured for a first data analysis.

A third rule that is often cited is to interpret asymmet-
ric line profiles with enhanced blue emission in an optically
thick transition combined with symmetric profiles in an
optically thin transition as proof for infall motion. Com-
putations of Phillips (1998) have shown, however, that the
same kind of profiles can be produced by a rotation disk
structure. There is no simple way out of this ambiguity
and high-resolution observations should help to discrimi-
nate.

Most of the frequently applied estimates used for the
data reduction should be reinspected in every case to guar-
antee that the underlying assumptions can be justified.
Whenever this is not possible, full simulations are required.

5. CONCLUSIONS

Taking the accuracy of radio- or infrared observations into
account the application of approximations in the data re-
duction and in the RT modelling is often a reasonable
approach. Self-consistent models are required to justify
the approximations and to test their limits. The common
“standard” approximations will fail in many situations.

The complexity of the model used for RT simulations,
both concerning the cloud geometry and the combination
of species, has to reflect the amount of information from
the observational data. Computational “overkill” does not
help to understand the physical and chemical processes in
the interstellar medium. Simple (e.g. 1-D) RT codes are
today fast, easily accessible and appropriate for the anal-
ysis of many observations. They are favourable for a first
exploration of the parameter space and the error analysis.
More complicated codes are required to get an adequate
modelling of configurations were geometry effects are ob-
vious and important.
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