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ABSTRACT

Aims. We present a comparison between independent computer,caddeling the physics and chemistry of interstellar photon
dominated regions (PDRs). Our goal was to understand theahdifferences in the PDR codes and their effects on theigdlyand
chemical structure of the model clouds, and to converge titygub of different codes to a common solution.

Methods. A number of benchmark models have been created, coveringufmvhigh gas densities = 10°, 10°° cm and far
ultraviolet intensitiegy = 10, 1C° in units of the Draine field (FUV: & hy < 13.6 eV). The benchmark models were computed in
two ways: one set assuming constant temperatures, thirggtése consistency of the chemical network and photo-m®es and a
second set determining the temperature self consisteptplving the thermal balance, thus testing the modelingp@heating and
cooling mechanisms accounting for the detailed energynbaltéhroughout the clouds.

Results. We investigated the impact of PDR geometry and agreed ondimparison of results from spherical and plane-parallel
PDR models. We identified a number of key processes govethimghemical network which have been treated differentlthan
various codes such as the effect of PAHs on the electrontgiemrsihe temperature dependence of the dissociation of C&bmic
ray induced secondary photons, and defined a proper commatmignt. We established a comprehensive set of referendelsno
for ongoing and future PDR model bench-marking and were tabilecrease the agreement in model predictions for all beack
models significantly. Nevertheless, the remaining spredlé computed observables such as the atomic fine-structaiatensities
serves as a warning that there is still a considerable wingriwhen interpreting astronomical data with our models.

Key words. ISM: abundances — Astrochemistry — ISM: clouds — ISM: gelneRadiative Transfer — Methods: numerical

1. Introduction fects with increasing accuracy. These codes have been-devel

. . . . . oped with different goals in mind: some are geared to efftgien
Interstellar photon dominated regions or photodissamate- ,04el a particular type of region, e.g. Hl regions, progpl

gions (PDRs) play an important role in modern astrophysics gy disks, planetary nebulae, diffuse clouds, etc.;retben-
they are responsible for many emission characteristichi®f t,nagjze a strict handling of the micro-physical processésli
ISM, and QOmlna_te the mfrared_ and sub-millimetre sp_ecfra Betail (e.g. wavelength dependent absorption), but atdseaf
star formation regions and galaxies as a whole. Theoretiodh  increased computing time. Yet others aim at efficient anétrap
els addressing the structure of PDRs have been available dgcyation of large model grids for comparison with observ
approximately 30 years and have evolved into advanced Cofgna| data, which comes at the cost of pragmatic approxima-
puter codes accounting for a growing number of physical &jpns using effective rates rather than detailed treatmasita
result, the different models have focused on the detailedlisi

Send offprint requests to: M. Rollig, tion of particular processes determining the structurb@mbain
e-mail:roel I i g@h1. uni - koel n. de regions of interest while using only rough approximatioos f

* Founded by merging of the Sternwarte, Radiastronomisetetsut  other processes. The model setups vary strongly amongetiffe
and Institut fir Astrophysik und Extraterestrische Forsty
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model codes. This includes the assumed model geometry, thdil regions and the PDI&sIn PDRs the gas is heated by the
physical and chemical structure, the choice of free pararsget far-ultraviolet radiation (FUV, 6< hy < 136 eV, from the
and other details. Consequently it is not always straigiwfod ambient UV field and from hot stars) and cooled via the emis-
to directly compare the results from different PDR codekifig sion of spectral line radiation of atomic and molecular $p&c
into account that there are multiple ways of implementinggpth and continuum emission by dust (Hollenbach & Tielens 1999,
cal effects in numerical codes, it is obvious that the modgbat Sternberg 2004). The FUV photons heat the gas by means of
of different PDR codes can differ from each other. As a resufihotoelectric emission from grain surfaces and polycyatiz-
significant variations in the physical and chemical PDRcstrumatic hydrocarbons (PAHS) and by collisional de-excitatid
ture predicted by the various PDR codes can occur. This-diveibrationally excited H molecules. Additional contributions to
gence would prevent a unique interpretation of observed d#he total gas heating comes fron, Hormation, dissociation
in terms of the parameters of the observed clouds. Sevenal & H,, dust-gas collisions in case of dust temperatures exceed-
facilities such as Herschel, SOFIA, APEX, ALMA, and othering the gas temperature, cosmic ray heating, turbulenag, an
will become available over the next years and will delivemgna from chemical heating. At low visual extinctioAy into the
high quality observations of line and dust continuum eroissi cloud/PDR the gas is cooled by emission of atomic fine-atinect
in the sub-millimeter and FIR wavelength regime. Many impotines, mainly [Ol] 63:m and [CII] 158:m. At larger depths, mil-
tant PDR tracers emit in this range ([ClI] (1@8), [Ol] (63 and limeter, sub-millimeter and far-infrared molecular radatl-line
146 um), [CI] (370 and 61Q:m), CO (650, 520, ..., 57.8m), cooling (CO, OH, H, H,0) becomes important, and a correct
H,O, etc.). In order to reliably analyze these data we need a setatment of the radiative transfer in the line cooling itical.
of high quality tools, including PDR models that are well unThe balance between heating and cooling determines the loca
derstood and properly debugged. As an important prepgratgas temperature. The local FUV intensity also influences the
step toward these missions an international cooperatiovele® chemical structure, i.e. the abundance of the individuahah
many PDR model groups was initiated. The goals of this PDRal constituents of the gas. The surface of PDRs is mainly-dom
benchmarking were: inated by reactions induced by UV photons, especially the io
ization and dissociation of atoms and molecules. With dishin

— to understand the differences in the different code results ing FUV intensity at higher optical depths more complex spec
— to obtain (as much as possible) the same model output witity be formed without being radiatively destroyed immestjat
every PDR code when using the same input Thus the overall structure of a PDR is the result of a compiexi
— to agree on the correct handling of important processes  terplay between radiative transfer, energy balance, aachidal
— to identify the specific limits of applicability of the avalile reactions.
codes

To this end, a PDR-benchmarking workshop was held at tl‘?é Modeling of PDRs
Lorentz Center in Leiden, Netherlands in 2004 to jointly kworThe history of PDR modeling dates back to the early 1970’'s
on these topicd. In this paper we present the results from thigHollenbach et all, 1971; Jlira, 1974; Glassgold & L angers19
workshop and the results originating from the follow-upidet [Black & Dalgarno, 1977) with steady state models for the
ties. A related workshop to test line radiative transferesodias transitions from H to H and from C to CO. In the fol-
held in 1999 (see van Zadelhoff ef al., 2002). lowing years a number of models, addressing the chemi-
It is not the purpose of the benchmarking to present a preal and thermal structure of clouds subject to an incident
ferred solution or a preferred code. PDRs are found in a larflex of FUV photons have been developed (de Jonglet al.,
variety of objects and under very different conditions. fist [1980; |Tielens & Hollenbach, 1985, van Dishoeck & Black,
end, it was neither possible nor desirable to develgereric [1988; | Sternberg & Dalgarna, 1989; Hollenbach etal., 1991;
PDR code, able to model every possible PDR. Furthermore, lbeBourlot et al.,| 1993] Storzer etlal., 1996). Additiogalh
benchmarking is not meant to model any 'real’ astronomibal onumber of models, focusing on certain aspects of PDR
ject. The main purpose of this study is technical not physicghysics and chemistry were developed, e.g. models ac-
This is also reflected in the choice of the adopted incompleteunting for time-dependent chemical networks, models of
chemical reaction network (s€&). clumped media, and turbulent PDR models (Hill & Hollenbach,
In §[2 we briefly introduce the physics involved in PDRs, iil978; Wagenblast & Hartquist, 1968; de Boisanger et al.2199
§ [3 we introduce some key features in PDR modeliigl de- [Bertoldi & Draine, 1996; Lee et al.,, 1996; Hegmann & Kegel,
scribes the setup of the benchmark calculationstd@resents [1996;| Spaans, 1996; Nejad & Wagenblast, 1999; Rolliglet al.
the results for a selection of benchmark calculations anelsga  [2002; Bell et al., 2005). Standard PDR models generally do no
short review over the participating codes.§ligl we discuss the account for dynamical properties of gas but there are sonak st
results and summarize the lessons learned from the benkhmeas that consider the advection problem rather than thaelgtea
effort. A tabular overview of the individual code charaetdcs state approach (e.g._Storzer & Hollenbach, 1998). For aemor
is given in the Appendix. detailed review see Hollenbach & Tielens (1999).
In order to numerically model a PDR it is necessary to com-
pute all local properties of a cloud such as the relative abun
2. The Physics of PDRs dances of the gas constituents together with their levellasp
. _ . o tions, temperature of gas and dust, gas pressure, conguoasiti
PDRs are traditionally defined as regions whegenidn-ionizing  qyst/PAHs, and many more. This local treatment is comitat
far-ultraviolet photons from stellar sources control tlas deat- by the radiation field which couples remote parts of the cloud

ing and chemistry. Any ionizing radiation is assumed to be alpjye |ocal mean radiation field, which is responsible for phot
sorbed in the narrow ionization fronts located betweencadja

2 This distinction is clearer when referring to PDRs as Photo-
1 URL:http://www. [ orent zcenter. nl/ Dissociation Regions, since molecules are hardly foundlimdgions
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chemical reactions, gas/dust heating, and excitation ¢dontes 2 )

depends on the position in the cloud and the (wavelengthrdepe——>| z

dent) absorption along the lines of sight toward this positi ——

This non-local coupling makes numerical PDR calculatonsa_—,

CPU time consuming task.
PDR modelers and observers approach the PDRs from oppo-

site sides: PDR models start by calculating the local prggeer |5

of the clouds such as the local CO density and the correspond-

ing gas temperature and use these local properties to iméer t

expected global properties of the cloud like total emergemis- \

sivities or fluxes and column densities. The observer ontifero

hand starts by observing global features of a source arslttrie

infer the local properties from that. The connection betwiee

cal and global properties is complex and not necessarilynuna

biguous. Large variations e.g. in the CO density at the sarfa E i . -

of the cloud may hardly affect the overall CO column density d D d -

due to the dominance of the central part of the cloud with & hig

density. If one is interested in the total column densitydesl Fig. 1. Common geometrical setups of a model PDR. The sur-

not matter whether different codes produce a differentasgrf face of any plane-parallel or spherical cloud is illumirtbeéher

CO density. For the interpretation of high-J CO emissiordin a) uni-directional or b) isotropically.

however, different CO densities in the outer cloud layerkera

huge difference since high temperatures are required tiugmo

high-J CO fluxes. Thus, if different PDR model codes deviate i . . . .

their predicted cloud structures, this may affect the jmetation directed vs. isotropic attenuation

of observations and may prevent inference of the 'true'cttme

behind the observed data. To this end it is very importantito u

derstand the origin of present differences in PDR modeluealc 08 p g

lations. Otherwise it is impossible to rule out alternatinter-

pretations. The ideal situation, from the modelers pointietdv, 06

would be a complete knowledge of the true local structure of —_ \

a real cloudand their global observable properties. This would = \

easily allow us to calibrate PDR models. Since this caseadun ' . E (v)

tainable, we take one step back and apply a different approac AN

If all PDR model codes use exactly the same input and the same 02 AN 1

model assumptions they should produce the same predictions ~

Because of the close interaction between chemical and ther- 00 ~ it
mal balance and radiative transfer, PDR codes typically ite
ate through the following computation steps: 1) solve trealo
chemical balance to determine local densities, 2) solvéoited
energy balance to estimate the local physical properkesdim- Fig. 2. Comparison of attenuation of the mean intensity for the
peratures, pressures, and level populations, 3) solvathative case of an uni-directional and isotropically illuminateddium.
transfer, 4) for finite models it is necessary to succesgiitel The solid line gives the attenuation due to uni-directioihal
erate steps 1)-3). Each step requires a variety of assumsptitumination, while the dashed line gives the attenuationaior
and simplifications. Each of these aspects can be investigat isotropic FUV radiation where means the optical depth per-
great detail and complexity (see for example van Zadelthaifle pendicular to the surface of the cloud.

(2002) for a discussion of NLTE radiative transfer methobds}
the explicit aim of the PDR comparison workshop was to under-
stand the interaction of all computation steps mentionex@b
Even so it was necessary to considerably reduce the model com
plexity in order to disentangle cause and effect. lar to the cloud surface. This simplifies the radiative tfans
problem significantly, since it is sufficient to account fasf
one line of sight, if we ignore scattering out of the line afdi
3.1. Description of Sensitivities and Pitfalls (Flannery et al.|_1980). Since most plane-parallel PDR risode
. re infinite perpendicular to the cloud deptit is also straight-
;(iel\é?jr?jlisgﬁ):s%snc’fezglR gggﬁil:]ngigar\]/’]?slseh;g;lr? U::ir?gsg ;cor aﬁi/vard to account for an isotropic FUV irradiation withinet
e y 9 9 pure 1-D formalism. For a spherical geometry one can exploit
not treated properly: the model symmetry only for a FUV field isotropically imping-
ing onto the cloud. In finite plane-parallel and sphericabels
3.1.1. Model Geometry iterations over the depth/radial structure are mandatecabse
radiation is coming from multiple directions, passing thgh
Two common geometrical setups of model PDRs are showndloud elements for which the physical and chemical strectur
Figure[1. Most PDR models feature a plane-parallel geometaynd hence opacities have not been calculated in the sarae iter
illuminated either from one side or from both sides. This geion step. To account for this 'backside’ illumination itéssen-
ometry naturally suggests a directed illumination, pedien tial to iterate on the radiation field.
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The most important quantity describing the radiation field
in PDR models is the local mean intensity (or alternativaly t ; ' ' ' ' ' '

energy density) as given by: ;2 : - Benchmark Model F1 :
1 F 111 F 1
J, = In f 1, dQ [erg cnm? st HZ ! sr] 1) g o r ]
with the specific intensity, being averaged over the solid an- g OF 3
gle Q. Note that when referring to the ambient FUV in units of 2 **'F 1
Draine y (Draine,| 1978) or Habin@, (Habing, 1968) fields, 3§ *=*F I
these are always given as averaged owelfAve place a model £ 1=16f I \ 1
cloud of sufficient optical thickness in such an average FUV z"1e17 | ----isotopic lumination, A, perpendicular 1
field, the resulting local mean intensity at the cloud eddwaié 1eagp  isoroieiluminaton rescaled 0 A, \ ]
the value of that without the cloud. 11| \ ]
The choice between directed and isotropic FUV fields j j j j A
directly influences the attenuation due to dust. In the uni- 164 1E3 00Lp  p 01 1 10

Veff’ © v

directional case the FUV intensity along the line of sighats
tenuated according to expt,), wherer, is the optical depth of
the dust at frequenoy For pure absorption the radiative transfe
equation becomes:

Fig. 3. H, photo-dissociation rates resulting from uni-directional
FUV illuminated clouds compared to an isotropic illumirsti
The results from isotropic models are plotted vs. the petjoen
dlv(ﬂ: X) (2) UIarAV and VS.AV,eﬂ‘.

dx

= =Ky IV(#’ X)

with the cosine of the radiation directipn= cos®, the cloud

depthx, and the absorption coefficierf, with the simple so-
lution J,/J,0 = explr,u) for a semi-infinite cloud. For the
isotropic casel, o(u) = J,0 = congt., integration of EqlR leads
to the second order exponential integral:

optical depth as demonstrated by Hegmann & Kegel (2003). All
this has to be considered when calculating the photodigsoci
tion and photoionization rates, when the attenutation déhth
is represented by simple exponential forms, ekphy) (e.g.
L expet, 1) van Dishoedk, 1988; Roberge et al., 1991), where the fdgtor
3,/ 30 = Ea(ry) = f T du (3) accounts for the wavelength dependence of the photoprittess
0

As seen in Figurgl2 the attenuation with depth in the isotropi :
case is significantly different from the uni-directionalkea A B2 Chemistry
common way to describe the depth dependence of a particlB®@R chemistry has been addressed in detail by many authors
quantity in PDRs is to plot it againgt,, which is a direct mea- (Tielens & Hollenbach,| 1985; van Dishoeck & Black, 10988;
sure of the traversed column of attenuating material. IreordHollenbach et al.| 1991; Fuente et al., 1993; Le Bourlotket al
to compare the uni-directional and the isotropic case iteis-n[1993; [Jansen ethl.,| 1995[ _Sternberg & Dalgarrio, 1995;
essary to rescale them to the same axis. It is possible toedelire et al.| 1996; Bakes & Tielers, 1998; Walmsley ét al., 1999
an effectiveAy er = —IN[E2(Av K)]/k with k = 7yy /Ay in the [Savage & Ziurys,| 2004] Teyssier ef al., 2004; Fuentelet al.,
isotropic case, wheray is the attenuation perpendicular to th@005; | Meijerink & Spaans, 2005). These authors discuss nu-
surface and UV is in the range 6 hv < 13.6. In this paper merous aspects of PDR chemistry in great detail and give a
all results from spherical models are scaledMger. Figure[3 comprehensive overview of the field. Here we repeat some
demonstrates the importance of scaling results to an agprogrucial points in the chemistry of PDRs in order to motivéte t
ate Ay scale. It shows the local Hphoto-dissociation rate for benchmark standardization and to prepare the discussitire of
two different FUV illumination geometries. The solid lineg- benchmark result.
resents a standard uni-directional illumination perpeuldi to In PDRs photoprocesses are very important due to the
the cloud surface as given in many standard plane-parddBl P high FUV intensity, as well as reactions with abundant hy-
codes. The dashed line is the result from an isotropic ilhani drogen atoms. The formation and destruction of, Heav-
tion plotted against the standard 'perpendicuky’ The offset ly influenced by the FUV field, is of major importance for
to the uni-directional case is significant. After rescalio@n ap- the chemistry in PDRs. Hforms on grain surfaces, a pro-
propriateAv ¢ both model results are in good agreement. Pleaggss which crucially depends on the temperatures of the gas
note, that in general it is not possible to achieve perfect@g and the grains (Hollenbach & Salpéfer, 1971; Cazaux & Telen
ment as there is a spectrum involved with a spreald wdlues [2004), which themselves depend on the local cooling and heat
across the UV. ing, governed by the FUV. The photo-dissociation of i a

The attenuation of FUV radiation is additionally compli{ine absorption process and, thus is subject to effectiiedsh
cated if we account for dust scattering. For a full treatmefg (van Dishoeck & Bladk, 1988). This leads to a sharp transi
by Legendre polynomials see Flannery etlal. (1980). In césetidn from atomic to molecular hydrogen once thg &bsorption
small scattering angleg= (coso) ~ 1 the scattering can be ap-lines are optically thick. The photo-dissociation of CO Isca
proximated by an effective forward attenuaticd — w), where 3 line absorption process, additionally complicated by/féue
w is the scattering albedo. Thus, more material is needed-to @hat the broad Kl absorption lines overlap with CO absorption

tain the same attenuation as in the case without scattétenice |ines. Similar to H this leads to a transition from atomic carbon
a proper scaling of\, is necessary. In case of clumped gas this

becomes even more complex. The presence of stochastic dehin this context the term photoprocess refers to either mhissoci-
sity fluctuations leads to a substantial reduction of thedtiffe ation or photoionization.
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to CO. ForAy < 1 carbon is predominantly present in ionizedlouds. They suggest this could be one of the possible reason
form. For an assumed FUV field gf= 1, CO is formed at about the non detection of @by the ODIN satellite/(Viti et al., 2001).
Ay =~ 2. This results in the typical PDR stratification of Hj H Yet, another possible explanation for the absence,df @eeze-
and C/ C/ CO. The depth of this transition zone depends on tloeit onto dust. However it is clear that bistability isemal prop-
physical parameters but also on the contents of the chemétal erty of interstellar gas-phase networks and not just a nigaler
work: for example the inclusion of PAHs into the chemical-bakrtifact. Furthermore it is important to emphasize thahdtad
ance calculations shifts the*Qo C transition to smalleAy s PDR models may react very sensitively on the variation ofitnp
(e.g.Lepp & Dalgarno, 1983; Bakes & Tielens, 1998). parameters (e.dcr, the H, formation rate, the PAH content of
The solution of the chemical network itself covers the déhe model cloud, etc.) and one has to be careful in the irgerpr
struction and formation reactions of all chemical spec@ssid- tation of surprising model signatures.
ered. For each included specigsis results in a balance equa- The numerical stability and the speed of convergence may
tion of the form: vary significantly over different chemical networks. Threajor

dn guestions have to be addressed:
d_tl = ZZ nj Nk Riki + Z n i
ok ! 1. which speciesare to be included?

2. which reactions are to be considered?
— N ZI:{:“ * ZI: Z nj Riji (4) 3. which reaction rate coefficients are to be applied?
i

A general answer to question 1 cannot be given, since this de-
pends on the field of application. In steady state one hadve so

a system oM nonlinear equations, whemd is the number of
included species, thus the complexity of the problem saaits

the number of speciesc(N2...N%) rather than with the number

of chemical reactions. Nowadays CPU time is not a major drive
for the design of chemical networks. Nevertheless, in scases

a small network can give similar results as a big networkegav
studies have shown that very large networks may include a

; . ; : surprisingly large number of 'unimportant’ reactions, reac-
while non-stationary models solve the differential equaiid) 5 that may be removed from the network without changing
in time. The chemical network is a highly non-linear systdm

. e . , €M Qhe chemical structure significantly_(Markwick-Kemper,020
equations. Hence it is not self-evident that a unique SIUEX- o olam ef al.|_ 2005a). It is more important to identify cru-

ists at all, multiple solution may be possible as demoretiatg. .. : . . . :
cial species not to be omitted, i.e. species that dominae th
by I:I_ehBouLlot etdalh(1%§l3) "é.rl‘.d Boger & Stemberg (5006)' q hemical structure under certain conditions. A well known e
ey showed that bistability may occur in gas-phase modeig, e is the importance of sulfur for the formation of atomic

(neglecting dust chemistry) of interstellar dark cloudsinar- ., hon at intermediaté, where the charge transfer reaction

i —3
row parameter range of approximately* = 2 n/{17 2 S+ C* - C + S* constitutes an additional production chan-

10% e with the cosmic-ray ionization rate of molecular hyse for atomic carbon, visible in a second rise in the abunelan
drogen{cg = 107¢_17 . Within this range the model re- o¢ o (starnperg & Dalgarné, 1995). In these benchmarking cal
sults may depend very sens@wely_on variations of.|nput PRulations, sulfur was not included in order to minimize mode
rameters such agr or the H; dissociative recombination rate. . jeyity in spite of its importance for the PDR structure

To demon_stra_te this we show the '_”f'“ence of varying loniza- Regarding question 2 a secure brute force approach would be
tion rates in FigLi. The left panel gives abundance profes fy e inciusion of all known reactions involving all chosersies,
benchmark mOdeI F1 (n—iO:_m X = 10) t_he ”%ht pgnel under the questionable assumption that we actkathy all im-
ShOWS. a similar _model but with higher density (n=10n). rtant reactions and their rate coefficients. This assiomji
The higher density was chosen to make sure that we are Ou"ﬁ@@iously invalid for grain surface reactions and gasiwiat
the bistability regime. The solid lines in both panelsl;arelafo teractions such as freeze-out and desorption. It is impbriat
cosmic ray helium ionization rate gér(He) = 2.5x 1057, T%%create artificial bottlenecks in the reaction scheme bit-om

the dashed lines denote an ionization rate increased by-a i@ imnortant channels. The choice of reaction rate cdeffs
tor four. Different colors denote different chemical sgeciThe depends on factors like availability, accuracy, etc.. A bem

most prominent differences are highlighted with colore@as. ¢ ¢\ hrehensive databases of rate coefficients is avaitabl

The factor four in{cr(He) results in differences in density Upday e.g. NSM/OHIO[(Wakelam etlal., 2004, 2005b), UMIST
to three orders of magnitude in the lower density case! A dﬁ\?liliar Farauhar & Willacy | 1997 Le Teuff et al. ZOdO)na
tailed analysis shows that the strong abundance transitiotur 1o.,don (Le Bourlot et all. i993), which collect the resuits

17 1 ic hi ; i
for gcr(He) > 8 x 10777 s7. This highly non-linear behavior o,y itferent references, both theoretical and experiaien
disappears if we leave the critical parameter range as demon An example for the importance of explicitly agreeing on the

strates In the ”gh.t panel .Of Figl 4. Boger & Sternl)erg_ (IZOO%)eta"S of the computation of the reaction rate is the reacti
emphasize that this effect is a property of the gas phaseichem

network, and is damped if gas-grain processes such as gain@ + H, —s CH + H (5)
sisted recombination of the atomic ions are introduced ét=e

Shalabiea & Greenberg, 1995). They conclude that the hiistalit has an activation energy barrier of 11700 K
ity phenomenon probably does not occur in realistic dugirin (Millar, Farquhar, & Willacy, 11997), effectively reducing
stellar clouds while Le Bourlot (2006) argues that what Bratt the production of CH molecules. If we include vibrationally
for bistability is not the number of neutralisation chasimit the excited H, into the chemical network and assume that reaction
degree of ionisation and that bistability may occur in istelar (&) has no activation energy barrier for reactions with we

Heren; denotes the density of specie$he first two terms cover
all formation processes while the last two terms accounéfior
destruction reaction®j; is the reaction rate coefficient for the
reaction X + Xx — X; + ... (X stands for species X); is
the local photo-destruction rate coefficient for ionizatar dis-
sociation of speciesiX+ hv — X, + ..., either by FUV photons
or by cosmic ray (CR) induced photons, afids the local for-
mation rate coefficient for formation of; Xy photo-destruction
of species X For a stationary solution one assundeg/dt = 0,
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n=10'cm™®
rl_l_l-l'l'l'l'l"_l_l_l-l'l'l'l'q_l_l_l'l'l'l'l'q 104
H ) 10°
—— (He)=2.5x10™s™ )
- - He)= 107 10

density [cm™]

PRLTTT EERTTIT R

10™ 10° 10" 10° 10™ 10° 10" 10

AV,eff AV,eff

Fig. 4. The influence of the cosmic ray ionization rate on the chelsitacture of a model cloud. The left panel shows results for
Model F1 (n=18 cm3, y = 10), the right panel gives results for 10 times higher des{n=1¢ cm3, y = 10). The solid lines
give the results for a cosmic ray ionization rate of Heliumh@&nced by a factor 4, the dashed lines are for the loweratioizrate.
The different colors denote different chemical specie® Most prominent differences are highlighted with colomedwas.

CH density demonstrates the importance of explicitly agreeing on how t
R handle the chemical calculations in model comparisons.

Another example is the formation of C in the dark cloud part
with excited Hy* || ___- ;:,__}._\ of a PDR, i.e. at values &k, > 5. A possible formation chan-
e N\ nel for atomic carbon is the dissociation of CO by secondary

\ UV photons, induced by cosmic rays (Le Teuff etial., 2000). In

/ the outer parts of the PDR the impinging FUV field dominates
the dissociation of CO, but for highy the FUV field is effec-

|~ without excited H,* \ tively shielded and CR induced UV photons become important.

For CO, this process depends on the level population of C®, an
_modal E \ therefore is temperature dependent (Gredellet al..| 198%); h
n=10°%cm” \ ever this temperature dependence is often ignored. Théarac
17 f}%OK \4 rate given by Gredel et al. (1987) has to be corrected by a fac-

- tor of (T/300K)**7 effectively reducing the dissociation rate for
e iEs iee 1E3 om o1 h T temperatures below 300 K (Le Teuff et al., 2000). In Figure 6

Aven we plot the density profile of atomic carbon for an isothermal

benchmark model with temperatufe= 50 K. The solid line
ﬂagpresents the model result for an uncorrected photo-steg u
the average reaction rate for= 300 K, compared to the results
using the rate corrected for T=50 K by (8D0)-, given by the
dashed curve.

o
o

o
o
=

-

i
m
@

H
m
IS

.
m
o

density [cm™]

1E-6

Fig. 5. Comparison between model codes with (dashed line) a
without (solid line) excited molecular hydrogen;.H'he abun-
dance profile of CH is plotted for both models agaiAstes.
Benchmark model F3 has a high density£ 10>° cm3) and
low FUV intensity = 10).

3.1.3. Heating and Cooling

obtain a significantly higher production rate of CH as shown iTo determine the local temperature in a cloud, the equilitri
Figure[3.Even this approach is a rather crude assumptidit, bubetween heating and cooling has to be calculated. The Igeatin
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C density the atomic and molecular constants as well as on the raéiativ
1 : : : : transfer. A common approximation to the radiative transfer
problem is by assuming escape probabilities for the cooling
lines (de Jong et al., 1980; Stuizki, 1984; Storzer et #£196).
3 The excitation temperature at any point can be computed by
] balancing the collisional excitation and the photon esqapb-
ability. The local escape probability is obtained by intggrg
model F2 exp(r,) over 4r. In the escape probability approximation it
TS0 n=10" om”® " Taen 3 is now assumed that the radiative interaction region is lsmal
1E6 | flSSOK 1 enough so that the optical depth in each direction is pradiuce
- by molecules with the same excitation temperature. Then the
excitation problem becomes a local one. The [OlL@Bline
may also become very optically thick and can act both asingati
1895 Y ) " " o and cooling contribution. Under certain benchmark coondgi
A, (low density, constant temperatuiigss = 50 K) the [Ol]
63um line even showed weak maser behavior ( see data plots

at |[http://ww. phl. uni - koel n. de/ pdr-conpari son).

Fig. 6. The density profile of atomic carbon for the benchmargo|jisions between the gas particles and the dust grairs als
model F2 (low density, high FUV, T=const=50K, as discussentribute to the total heating or cooling.

in §[). The solid curve results from a constant dissociation by
CR induced secondary photons (implicitely assuming T=300K
the dashed curve shows the influence of a temperature dep2i-4. Grain Properties

dent dissociation, i.e. the corresyonding dissociatida veas ) .
corrected by a factor dff /300K)""with T=50K. Many aspects of PDR physics and chemistry are connected to

dust properties. We will give only a short overview of the onp
tance of dust grains in the modeling of PDRs. Dust acts on the
energy balance of the ISM by means of photoelectric heaiting;
influences the radiative transfer by absorption and sdadtef
. . photons, and it acts on the chemistry of the cloud via grain su
rates mainly depend on the;Hormation rate, the electron g,cq reactions, e.g. the formation of molecular hydrogehtae
density, the grain size distribution, grain compositiond&h  gepletion of other species. One distinguishes three duspoe
trtraﬁtmek?t (i.e. I;wo-lme approx:jman_on vls. lfulflI rO-Vlbdm:‘fbﬁj hnents: PAHSs, very small grains (VSGs) and big grains (BGSs).
while the cooling rates are dominantly influenced by t (?h,The properties of big grains have been reviewed recently by
gibundance of the main cooling SPECIeS and the dl.JSt OPaTine (2003, and references therein). The first indireickence
in the FIR. Table L gives an overview of the most importaij r the presence of VSGs in the ISM was presented by Andriesse
heating and cooling processes. Most of them can be modélle 178) in the case of the M17 PDR. The dust grains themselves

different levels of detail. This choice may have a major iotpa,.,iqt of amorphous silicates and carbonaceous matexdal a
on the model results. One example is the influence of PA»E;
f

on the efficiency of the photoelectric heating. which result ey be covered with ice mantles in the denser and colder parts
in a sianificantl yhi her tepm erature e.0. at tr?é surfacehef t the ISM. For details of the composition of grains and tlesir
9 My nig pera 9 'Ol inction due to scattering and absorption/see Li & Drain€g)0
model cloud if PAHs are taken into account. Bakes & Tlelen(,fn :
; X oy 5 d references therein.
(1994) give convenient fitting formulas for the photoelictr _ .
The influence and proper treatment of electron densities to-

heating. Another important case is the collisional deaticin h th arain ionizati d bination is still & 4n
of vibrationally excited H. A detailed calculation of the level 98tN€r with grain lonization and recombination is still ®an-

population shows that for temperatures above 800 K the Iovﬁaly_zed' Not 0r_1|y the chgrge O.f dust f"md PAHS but also the scat-
transitions switch from heating to cooling. This imposes £rNg properties are still in discussian (Weingartner &g,

significant influence on the net heating from Mibrational 2001). This heavily influences the model output, e.g. theiinc
de-excitation. When using an approximation for the heatiig S'O" of_ba_lck-scattermg significantly increases the toggbhbto-
it is important to account for this cooling effet (Rolliga, dissociation rate at the surface of the model cloud comptared

2006). The cooling of the gas by line emission depends §a'culations with pure forward scattering.

01 p

0.01

sl CO+VCRM—— C+0

1E-4 ¢

density [cm™]

1E-7 ¢

1E-8

Table 1.Overview over the major heating and cooling processg"sl‘S' Radiative Transfer

in PDR physics The radiative transfer (RT) can be split into two distinctvea
length regimes: FUV and IR/FIR. These may also be labeled

heating cooling as 'input’ and ‘output’. FUV _radiation. due to amb.ient. UV field
and/or young massive stars in the neighborhood impingelseon t

photoelectric heating (dust & PAH) [CI1] 158um PDR. The FUV photons are absorbed on 'gheir way qleeper into

collisional de-excitation of vib. excitedH| [OI] 63, 145m the cloud, giving rise to the well known stratified chemidalis-

H, dissociation [CI] 370, 610um ture of PDRs. In general, reemission processes can be itexjlec

H, formation [Sill] 35 um in the FUV, considerably simplifying the radiative trangbeob-

CR ionization CO,H,0, OH, K, lem. Traveling in only one direction, from the edge to thédes

gas-grain collisions Ly a, [O1], [Fell] the local mean FUV intensity can usually be calculated inaa fe

dissipation of turbulence gas-grain collisions jteration steps. In contrast to the FUV, the local FIR intgnis

a function of the temperature and level populations at ai-po
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tions due to absorption and reemission of FIR photons. Thu§able 3. Specification of the model clouds that were computed
computation needs to iterate over all spatial grid pointsof- during the benchmark. The models F1-F4 use constant gas and
mon simplifying approximation is the spatial decoupling thhie dust temperatures, while V1-V4 have their temperaturesueal
escape probability approximation. This allows to subtgithe lated self consistently.

intensity dependence by a dependence on the relevant loptica

depths, ignoring the spatial variation of the source furctThe F1 F2
calculation of emission line cooling then becomes prinyaail T=50K T=50K
problem of calculating the local excitation state of thetipatar n=10¢cm? =10 | n=10Ccm? y = 1C°
cooling species. An overview of NLTE radiative transfer met T—';?(; K T—Z‘(l) K
ods is given by van Zadelhoff etlal. (2002) h= 10°5 cm™, y = 10 | n= 10°5 cm . y = 10°
Vi V2
T=variable T=variable
4. Description of the Benchmark Models n=1Ccm3,y =10 | n=10%cm3, y = 10°
V3 V4
4.1. PDR Code Characteristics T=variable T=variable
Nn=10%cm3,y =10 | n=10P%cm3, y = 10°

A total number of 11 model codes participated in the PDR
model comparison study during and after the workshop in
Leiden. Tabl€R gives an overview of these codes. The coges ar

differentin many aspects: 4.2.1. Benchmark Chemistry

One of the crucial steps in arriving at a useful code comparis
— finite and semi-infinite plane-parallel and spherical geom@as to agree on the use of a standardized set of chemicaéspeci

try, disk geometry and reactions to be accounted for. For the benchmark modagels w
— chemistry: steady state vs. time-dependent, differerinéhe ONly included the four most abundant elements H, He, O, and C.
cal reaction rates, chemical network Additionally only the species given in TdB. 4 are includethie

— IR and FUV radiative transfer (effective or explicitly wave cheémical network calculations:

length dependent), self- and mutual shielding, atomic and

molecular rate coefficients
— treatment of dust and PAHs _ Table 4.Chemical content of the benchmark calculations.
treatment of gas heating and cooling
range of input parameters
model output Chemical species in the models

numerical treatment, gridding, etc.

H, H*, Hp, H3, H;
0, O0f, OH*, OH, &, 03, H,0, H,O*, H30*

This manifold in physical, chemical and technical differes C. ¢ CH CH.Ch.. CH! CH
makes it difficult to directly compare results from the diffe CH: ’CH4’CH+’CH3’ oG CO HCOH
ent codes. Thus we tried to standardize the computationeof th He He. e o

benchmark model clouds as much as possible. This required al
codes to reduce their complexity and sophistication, often
yond what their authors considered to be acceptable, consid
ering the actual knowledge of some of the physical processes The chemical reaction rates are taken from the
However as the main goal of this study was to understand woyIST99  database | (Le Teuffetlal., | _2000) together
and how these codes differ these simplifications are adoeptawith some corrections suggested by A. Sternberg.
Our aim was not to provide a realistic model of real astromaini The complete reaction rate file is available online
objects. The individual strengths (and weaknesses) of BBEh (htt p: // www. phl1. uni - Koel n. de/ pdr - conpar i son).

code are briefly summarized in the Appendix and on the websi® reduce the overall modeling complexity, PAHs were ne-
http://ww. phl. uni - koel n. de/ pdr-conparison. glected in the chemical network and were only considered
for the photoelectric heating (photoelectric heating &fficy

as given by Bakes & Tielens, 1994) in models V1-V4. Codes
which calculate time-dependent chemistry used a suitainly |

A total of 8 different model clouds were used for the benctkmafime-scale in order to reach steady state (e.g. UIR used
comparison. The density and FUV parameter space is coveld Myr).

by accounting for low and high densities and FUV fields under

isothermal conditions, giving 4 different model cloudsohre set 4 2 2. Benchmark Geometry

of models the complexity of the model calculations was reduc

by setting the gas and dust temperatures to a given constiaet vAll model clouds are plane-parallel, semi-infinite cloudson-
(models F1-F4, 'F' denoting a fixed temperature), making tr&#ant total hydrogen density= n(H) + 2n(H,). Spherical codes
results independent of the solution of the local energyrizada approximated this by assuming a very large radius for thectlo
In a second benchmark set, the thermal balance has beed solve

explicitly thus determining the temperature profile of theud
(models V1-V4, 'V’ denoting variable temperatures). TaBle
gives an overview of the cloud parameter of all eight benakmaAs many model parameters as possible were agreed upon at the
clouds. start of the benchmark calculations, to avoid confusionam<

4.2. Benchmark Frame and Input Values

4.2.3. Physical Specifications
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Table 2. List of participating codes. See Appendix for short desaipof the individual models.

Model Name | Authors
d oudy G. J. Ferland, P. van Hoof, N. P. Abel, G. Shaw (Ferland ef.8P8; Abel et al., 2005; Shaw et al., 2005)
COSTAR 1. Kamp, F. Bertoldi, G.-J. van Zadelhoff (Kamp & BertoldD@; Kamp & van Zadelhoff, 2001)
HTBKW D. Hollenbach, A.G.G.M. Tielens, M.G. Burton, M.J. Kaufm&h G. Wolfire
(Tielens & Hollenbach, 1985; Kaufman et al., 1999; Wolfiralet 2003)
KOSMA- 1 H. Storzer, J. Stutzki, A. Sternberg (Storzer et al., J9B6Kdster, M. Zielinsky, U. Leuenhagen
Bensch et al. (2003),R0ollig et al. (2006)
Lee96npd H.-H. Lee, E. Herbst, G. Pineau des Foréts, E. Roueff, J.cu&Bt, O. Morata (Lee et al., 1996)
Lei den J. Black, E. van Dishoeck, D. Jansen and B. Jonkheid
(Black & van Dishoeck, 1987; van Dishoeck & Black, 1988; danet al., 1995)
Mei | eri nk | R. Meijerink, M. Spaans (Meijerink & Spaans, 2005)
Meudon J. Le Bourlot, E. Roueff, F. Le Petit (Le Petit et al., 20050201 e Bourlot et al., 1993)
St er nber g | A. Sternberg, A. Dalgarno (Sternberg & Dalgarno, 1989, 1®8fer & Sternberg, 2005)
UCL_PDR S. Viti, W.-F. Thi, T. Bell (Taylor et al., 1993; Papadoposilet al., 2002; Bell et al., 2005)

paring model results. To this end we set the most crucial inogrameter set, and consequently give identical results. To
parameters to the following values: the value for the steshdademonstrate the impact of the benchmark effort on the iesiilt
UV field was taken ag = 10 and 16 times the Draine (1978) the participating PDR codes we plot the well known C/CO
field. For a semi-infinite plane parallel cloud the CO disation transition for a typical PDR environment before and after th
rate at the cloud surface fgr= 10 should equal 10 s™*, using changes identified as necessary during the benchmark ifFig.
that for optically thin conditions (for which a pointis exged to The photo-dissociation of carbon monoxide is thought to be
the full 4z steradians, as opposed to & the cloud surface) the well understood for almost 20 years (van Dishoeck & Black,
CO dissociation rate is  1071° s™! in a unit Draine field. The [1988). Nevertheless we see a significant scatter for thetaens
cosmic ray H ionization rate is assumed tobe 5x 10717 st  of C*, C, and CO in the top plot of Fif] 7. The scatter in the
and the visual extinctiody = 6.289x 1072?Ny . If the codes pre-benchmark rates is significant. Most deviations cowdd b
do not explicitly calculate the Hphoto-dissociation rates (byassigned to either bugs in the pre-benchmark codes, misunde
summing over oscillator strengths etc.) we assume thatrthe u standings, or to incorrect geometrical factors (e.g.V&. 4n).
tenuated H photo-dissociation rate in a unit Draine field isThis emphasizes the importance of this comparative study to
equal to 518 x 107! s, so that at the surface of a semiestablish a uniform understanding about how to calculaés ev
infinite cloud for 10 times the Draine field the,Hlissociation these basic figures. Despite the considerable currentestter
rate is 259 x 1071° s7! (numerical values fronst er nber g. because of, e.g. SPITZER results, we do not give the post-
Sees§ for a discussion on Hdissociation rates). For thebenchmark predictions for the;Hnid-IR and near IR lines (or
dust attenuation factor in thej,Hlissociation rate we assumedhe corresponding Boltzmann diagram). Only a small fractio
expkAy) if not treated explicitly wavelength dependent. Thef the participating codes is able to compute the detailed H
valuek = 3.02 is representative for the effective opacity in thpopulation and emission, and the focus of this analysises th
912-1120 A range (for a specific value Bf ~ 3). We use a comparison between the benchmark codes.

very simple H formation rate coefficien® = 3 x 1078 T2 =

2.121xY cm? s7! (Sternberg & Dalgarnd, 1995) at = 50 K,

assuming that every atom that hits a grain sticks and reméts t Taple 5. Overview of the most important model parameter. All

A summary of the most important model parameters is given §lhundances are given w.r.t. total H abundance.
Table5.

Model Parameters

5. Results Ape 0.1 elemental He abundance
In the following section we give a short overview of the up Ao 3x 10 elemental O abundance
to date results of the PDR model comparison. The names ofAc 1x 10‘117 ) elemental C abundance
the model codes are printed in typewriter font (€C@STAR). fer 5x10's CR ionization rate

We will refer to the two stages of the benchmarking results "V
by pre- and post-benchmark, denoting the model results ™%V
at the beginning of the comparison and at its end respec—g

tively. All pre- and post-benchmark results are posted at RH2
http://ww. phl. uni - koel n. de/ pdr - conpari son. One

the post-benchmark plots because the authors could nodatte n
the workshop. In addition, the KOSMA-models|(Rollig et al., b%
2006) and the models by Bensch, which participated in the

comparison as seperate codes, have been merged to a single

T N
model from the initial 12 participating model was left out in T:jj:x

6.289x 102Ny,
3.02A,

1kms?

5x1018. £ g1

3x 1018T11/% cm st
50 K

20 K

103, 10°° cmr3
10,10°

visual extinction

FUV dust attenuation
Doppler width

H, dissociation rate

H, formation rate

gas temperature (for F1-F4)
dust temperature (for F1-F4)
total density

FUV intensity w.r.t.

Draine (1978) field

(i.ey = 1.71Gy)

set (labeled KOSMA#) as they are variants on of the same
basic model which do not differ for the given benchmarking


http://www.ph1.uni-koeln.de/pdr-comparison

10 Rollig et al.: A PDR-Code Comparison Study

T T
] ]
0 O : —
§ \S\ \I C i
s 0.01
i R\ —
z &3 pre-benchmark ! \ N\
c }\\
§ies NN
Model F1 ! !
1E-5 3 3 1 1
%nzlocm,leoiu t t ——+—+——+ t t ——+—+—+—+ T ¢ R ]
01l |T,=50K ! ! C ]
i Aikawa st
A 001 ——cLoupy
S .pal |T—COSTAR
z27 HTBKW |
§ 1E-4 :_ KOSMA-t —— 1 \
- - - Lee96mod == ! AN
- Leiden t i =
- Meijerink ' MR
- Meudon // ? 1
Sternberg 2 : / :
- UCL_PDR / |2 |
Z=. 2 1
£ = /. |
= - ] [}
] ]
1 I
] ]
L ) ) ) L ) ) ) L ) [} ) ) ) ‘I L
0.01 0.1 1 10
AV,eff
i r
0.1 b e e ——)
& 0.01L b
£ E |
5 F
> 1E3L i
2 . post-benchmark '
S 1E-4 . '
© E |
1E-5 Model F1 i
F |n=10’cm® x=10] " ‘
0lg |T,.50K
—001L CLOUDY
g f |——COSTAR
T 1E-3[ HTBKW
z [ |—— KOSMA-T o
@ 1E-4 == - - - Lee96mod s Em A
© E .
- - - Leiden
- - = Meijerink
- - - Meudon
Sternberg
€
L,
2>
i)
@ e
5 ——
K =

0.01 0.1

AV,eff

Fig. 7.Model F1 (n=16 cm3, y = 10): Comparison between the density profiles 6f({@p), C (middle), and CO (bottom) before
(top) and after (bottom) the comparison study. The vertinak indicate the code dependent scatter. For C and COridéaie the
depths at which the maximum density is reached, while fothy indicate the depths at which the density dropped bytarfa¢
10. Dashed lines indicate pre-benchmark results, whild finks are post-benchmark.
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Fig. 8. Model F1 (n=16 cm3, y = 10): The photo-dissociation rates of Kleft column), of CO (middle column) and the photo-
ionization rate of C ( right column) after the comparisordstu

5.1. Models with Constant Temperature F1-F4

The benchmark models F1 to F4 were calculated for a fixed 100 N SE— I: :

gas temperature of 50 K. Thus, neglecting any numerica¢ssu post-benchmark

all differences in the chemical structure of the cloud are du Model F1 , :\\'\

to the different photo-rates, or non-standard chemistyn& & | " ci50ov 27 N\

PDR codes used slightly different chemical networks. Thieco ) 974 Yy HEh \.

St er nber g uses the standard chemistry with the addition ofg 10 |_xosSvar ; ,"/"/ .
vibrational excited hydrogen and a smaller H-4drmation net- 3 T ieen ! ,//,’ J K Ny
work. The results byl oudy were obtained with two different 2 | |- - -veudon N ]

chemical setups: The pre-benchmark chemistry had the chem- " © |-~ 5& % i) HE

ical network of_Tielens & Hollenbach (1985). The post bench- ) VA U] e bonchmark spread |
mark results use the corrected UMIST datab&eudy also L L /'l/ i

used a different set of radiative recombination coefficeor I

the pre-benchmark calculations which were the major sdiorce !

their different results_(Abel et al., 2005). The carbon (oian- 164 183 001 01 1 10
ization and radiative recombination rates are very senadidi ra- A

diative transfer and hence to dust properties. The dusepties Fig. 9. Model F1 (n=16 cm3, y = 10) The H-H transition
in G oudy are different from what is implicitly assumed in the; yne after the comparison study. Plotted is the number tensi
UMIST _fl'[S..CI oudy’ s post—benchma_rk r(_asults are atheve f atomic and molecular hydrogen as a function afef The
after switching to the benchmark specifications. After théh | artical lines denote the range of the predicted tranéiﬂmnths

&3k pre- and post-benchmark results (dashed and solid ties
the pre- and post-benchmark results for the main carborir‘rgaarspelztivew)_ P (

species C, C, and CO. To emphasize the pre-to-post changes

we added several vertical marker lines to the plots. For C and

CO they indicate the depths at which the maximum density is

reached, while for C they indicate the depths at which thehe pre-benchmark results the code dependent scatterdee th
density has dropped by a factor of 10. Dashed lines indicatepths isA Ay er = 2 — 4 and drops t&\ Ay e¢ = 1 in the post-
pre-benchmark results, while solid lines are post-bencknha benchmark results.
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In the post-benchmark results, thei den andUCL_PDR scatter. We relate differences in the predicted abundandés
models show a slightly different behavior. The predictedkpe corresponding rates for ionization and dissociation.
depth of C is somewhat smaller than for the other codes. The Since most of the codes use the same chemical network and
peak C density otJCL_PDR is roughly 50% higher than in the apply the same temperature, the major source for remairgng d
other codes. A comparison with the photo-ionization of Grglo viations should be related to the FUV radiative transfestaly
in Fig.[8 confirms that a slightly stronger shielding for tbeiza- this we present some results of benchmark model F4 featuring
tion of C is the reason for the different behavior of C aridThe a densityn = 10°° cm3 and a FUV intensityy = 10, in
dark cloud densities for G C, and CO agree very well, exceptorder to enhance any RT related differences and discuss them
for a somewhat smaller‘Gdensity in the_ee96nnd results. in more detail. Fig[_Tl0 shows the post-benchmark photcsrate

In Fig.[8 we plot the post-benchmark photo-rates for disséer the model F4. The higher unshielded Bhoto-rate in the
ciation of H, (left column) and CO (middle column) and for theMeudon results, already visible in model F1 (Fig. 8) is now sig-
ionization of C (right column), computed for model F1. Even f nificantly enhanced due to the increased FUV flikudon,
this simple model there are some significant differencesden as well asCl oudy, Lei den and St er nber g, treat the hy-
the models in the various rates. In the pre-benchmark sesuttrogen molecule by calculating the local level populatiodl a
several codes calculated different photo-rates at the efithee  determining the photo-dissociation rate by integratingheab-
model cloud, i.e. for very low values of\Ax. Some codes cal- sorption line over the absorption cross section and summing
culated surface photo-dissociation rates betweesd101°s1  over all absorption linesveudon, C oudy, andLei den in-
compared to the expected value #2x10°1°s™1. Most of these tegrate the line profile over the attenuated spectrum, irord
deviations were due to exposure to the futl keradians FUV to account for line overlap effects, whilét er nber g treats
field instead the correcti2 but also due to different effects, likeeach line seperately, neglecting line overlap. Most otloeies
the FUV photon back-scattering in tMeudon results. The pre- just assume that the photodissociation scales with thelénci
benchmark rates (§OSMA- T were shifted toward slightly lower radiation field, neglecting any influence from varying ldvel
values of A, because of an incorrect scaling betweep @d populations. One reason for the different photo-rate is a dif-
Av e and an incorrect calculation of the angular averaged phoferent local mean FUV intensity, caused by backscattered ph
rate (the model features a spherical geometry with isatBpiV ~ tons. However, this should only account for approximat€ysl
illumination). The post-benchmark results (Fig. 8) showtthof the increased dissociation rate. The remaining diffeesrare
most deviations have been corrected. The remaining oftset flue to different treatment of HEither they use different equa-
the Meudon result is due to the consideration of backscattergins, e.g. full ro-vib resolutioniveudon andSt er nber g vs.
FUV photons, increasing the local mean FUV intensity. Thee pronly vib. population irKkOSMA- 7, or they apply different molec-
to post-benchmark changes for the photo-rates of CO and C al& data.St er nber g uses data from_Sternberg & Dalgarno
even more convincing (see online archive). The post-beackm (1989); Sternberg & Neufeld (1999 udon uses collisional
results are in very good agreement except for some minanrdiffdata from_Flower (1997, 1998); Flower & Roueff (1999) and as-
ence, e.gUCL_PDR' s photo-ionization rate of C showing somesociated papers, and radiative data from Abgrall et al. @200-
deviation from the main field. cluding dissociation efficiencies. These different data sesult

The depth-dependence of the Hhoto-dissociation rate is in:
reflected in the structure of the H,Hransition zone. Figl]9 1 Excited rotational states are much more pooulated in
shows the densities of atomic and molecular hydrogen dfter t™ Meudon’ s results than irst er nber pop
benchmark. The vertical lines denote the minimum and max; Dissociation from an excited rotatior?al level increasesh
imum transition depths before (dashed) and after the bench- faster with J inveudon’ s data
mark (solid). In the pre-benchmark results the predicted-tr '
sition depth ranges from 0.08\Aq to 0.29 A, . In the post- Both effects lead to dissociation probabilities that diffg 2-3 in
benchmark results this scatter is reduced by more than arfagiase of Model F4. Due to the structure of the code these fesatur
of 3. St er nber g gives a slightly smaller H density in the darkcould not be turned off ifMeudon results.
cloud part. In this code, cosmic ray (CR) destruction andngra  The photo-rates for CO and C are in very good accord, but
surface formation are the only reactions considered indh&ie we notice a considerable spread in the shielding behavitreof
lation of the K density. The other codes use additional reactionsydrogen photo-rate. This spread is due to the particulpfém

The reactions: mentation of H shielding native to every code, by either using
N N 9 . tabulated shielding functions or explicitly calculatirfiettotal
Hy + H; > Hj + H (k=208x10°cm’s™) cross section at each wavelength. The different photcs iite
Hy + CH} — CHj + H (k=16x 10%cm®s™) rectly cause a different H4transition profile, shown in the top

panel of Fig[lL. The low molecular hydrogen densities in the

contribute to the total H density at highy e¢. This results in Meudon andd oudy models are again due to the highey H
a somewhat higher H density as shown in Eig. 9. Weedon photo-dissociation rat&t er nber g’ s slightly lower H, abun-
model gives a slightly smallerHlensity at the edge of the clouddance at the edge of the cloud is consistent with the maiginal
than the other codes. This is due to the already mentionéhighigher, unshielded $Hphoto-dissociation rate, seen in the top
photo-dissociation rate of molecular hydrogen appliechiirt plot in Fig.[10. Thelei j er i nk code shows the earliest drop
calculations. in the photo-rate, reflected by the corresponding increades

The model F1 may represent a typical translucent clodth density. The qualitatively different Hprofile in KOSMA- 1
PDR, e.g., the line of sight toward HD 147889 in Ophiuchus most likely due to the spherical geometry in the code. Agai
(Liseau et al. |, 1999). The low density and FUV intensity dendSt er nber g produces slightly smaller H densities for high val-
tions emphasize some effects that would be hard to notice oties of Ay . SinceSt er nber g does not consider additional
erwise. This includes purely numerical issues like grigdamd reactions for the H/kl balance its H density profile is the only
interpolation/extrapolation of shielding rates. Thedéedénces one not showing the slight kink &y «x ~ 2...3. These devia-
explain why the various codes still show some post-benckmaions do not significantly change the total column densitiyof
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Fig.10. Model F4 (n=16° cm™3, y = 10°): The post-benchmark photo-dissociation rates ef(ldft column), of CO (middle
column) and the photo-ionization rate of C (right columrpgar plot).

drogen. Hence the impact on any comparison with obsenatioshemical rate equations strongly depend on the local tesmper
findings is small. Nevertheless one would expect that urder ture, hence we expect a strong correlation between temyperat
standardized benchmark conditions all codes produce wary sdifferences and different chemical profiles of the modelesod
ilar results, yet we note a considerable spread in hydrolgen-a As a consequence of a differing density profile of e.g. CO and
dances folAy e > 2. This again emphasizes how complex and, we also expect different shielding signatures. We willniest
difficult the numerical modeling of PDRs is. The bottom pana@urselves to just a few exemplary non-isothermal resultabse
in Fig.[11 shows the density profiles of CC, and CO. Here, a full analysis of the important non-isothermal models dues
the different codes are in good agreement. The largest éprgand the scope of this paper. To demonstrate the influence of a
is visible for the C density betweel, ¢ ~ 3...6. The results strong FUV irradiation we show results for the benchmarketod
for C* and CO differ lessLee96nod’ s results for C and C V2 with n = 10° cm3, andy = 10° in Figs[1216. The detailed
show a small offset foAy o > 6. They produce slightly higher treatment of the various heating and cooling processeerdliff
C abundances and lower@bundances in the dark cloud partsignificantly from code to code. The only initial benchmaek r
The different codes agree very well in the predicted deptereh quirements was to treat the photoelectric (PE) heatingrdoug
most carbon is locked up in CQ\( ¢« ~ 3.5...4.5). This range tolBakes & Tielens (1994). On one hand, this turned out to be no
improved considerably compared to the pre-benchmark predstrict enough to achieve a sufficient agreement for the gas te
tions of Ay e ~ 3...8. peratures, on the other hand it was already too strict to be ea
The results from models F1-F4 clearly demonstrate ttil¢ implemented for some codes, liké oudy, which calculates
importance of the PDR code benchmarking effort. The préhe PE heating self-consistently from a given dust comjusit
benchmark results show a significant code-dependent scaiféis demonstrates that there are limits to the degree ofiatdn
Although many of these deviations have been removed duriggtion. The calculation of the dust temperature was nat-sta
the benchmark activity, we did not achieve identical reswith dardized and varies from code to code. Sihe96nod only
different codes. Many uncertainties remained even in thtbés- accounts for constant temperatures, their model is not shiow

mal case, raising the need for a deeper follow up study. the following plots. We only plot the final, post-benchmaié-s
tus.

5.2. Models with Variable Temperature V1-V4 In Fig.[12 we show the gas temperature otggq. The gen-
eral temperature profile is reproduced by all codes. Eveneso w

Inthe benchmark models V1-V4 the various codes were reguingote considerable differences between different codes.dEn

to also solve the energy balance equations in order to déméve rived temperatures at the surface vary between 1600 andik500
temperature structure of the model clouds. This of course-in For low values ofAy « the heating is dominated by PE heating
duces an additional source of variation between the codwes. Tue to the high FUV irradiation, and the main cooling is pro-
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rate is by a factor three larger than the median.6621076 s,

and theSt er nber g value of 38x 10°® s7% is slightly larger for

the same reason as discussed in segfioh 5.1. The depth depen-
dent shielding shows good agreement between all codes, with
slight variations. The different model geometry IKOSVA- T

& 1000 v is reflected in the slightly stronger shieldinigei den has the

e n=10%om ™ =10° weakest shielding. Like some of the other codes (see Apggndi

g x 9 _ :

& [ CLouDY they account for the detailed,Hbroblem when calculating the

2 T COSTAR photodissociation rate, instead of applying tabulateeldhig

|5 F | —— KOSMA< rates. Yet these differences are small, since we are in ayedea

8 I T ek regime f/n = 100), where the main shielding is dominated by

L | - - - Meudon dust rather than by self shielding (Draine & Bertoldi, 11998)e

0L~ _ﬁtg["_‘;%% density profiles of H and Hare in good agreement. The stronger

photodissociation inveudon is reflected in their smaller H
density at the surface. All other,Hlensities correspond well
to their dissociation rates except f@roudy, which has a lower
density at the surface without a corresponding photodiaton
Fig. 12.Model V2 (n=1G cm3, y = 10°): The plot shows the rate. This is a temperature effe€l. oudy computes relatively
post-benchmark results for the gas temperature. low surface temperatures which lead to slightly lower H dens
ties at the surface. The central densities are also in gooat@c
The different H densities reflect the corresponding tentpesa
vided by [OI] and [CII] emission. It is interesting, that tdem-  profiles from Fig[1P.
inant cooling line is the [Ol] 638m line (cf. Fig.[16, left plot), The photoionization rate of C is given in the top right plot
although its critical density is two orders of magnitudett@g in Fig.[13. All models are in good agreement at the surface of
than the local densityng; ~ 5 x 10° cm™3). The highest surface the cloud.Meudon andUCL _PDR drop slightly earlier than the
temperature is calculated i den, while Meudon computes bulk of the results. This is also reflected in their C density-p
the lowest temperature. The bulk of models gives surface tefites in Fig.[14 (top right) which incline slightly earlier.€2p
peratures near 1900 K. All models qualitatively reproduee tinside the cloudSt er nber g and HTBKWshow a steeper de-
temperature behavior at higher values"gfer and show a min- cline compared to the other codes. The agreement for the C
imum temperature of 10 K betweely ¢+ ~ 5...10, followed profile is also very good. ABy o+ = 5 the densities drop by a
by a subsequent rise in temperature. The only relevantriggatiactor of 10 and remain constant until they dropAgtes ~ 10.
contribution atAy ¢ > 5 comes from cosmic ray heating, whichThis plateau is caused by the increase in C density, compensa
hardly depends oAy 1. At Ay e > 4, the dominant cooling is ing the FUV attenuating.ei den’ s results show some devia-
by [CI] fine structure emission. This is a very efficient cogli tions forAy ¢ > 10. Their C density remains higher throughout
process and the temperature reaches its minimurAyAt = 10 the center, causing a slightly different carbon and oxydeme
the atomic carbon density rapidly drops and CO cooling staistry atAy ¢ > 10. The calculated O and,@ensities are given
to exceed the fine structure cooling (cf. abundance profilesin Fig.[14 (bottom, right). The dark cloud densities are imyve
Fig.[14). However, cooling by CO line emission is much less eflood agreement among the models, with some deviations in the
ficient, especially at these low total densities, and thesd¢im- Lei den values. The @profiles show some variations between
perature increases again. Aver ~ 1 and 10 but these are minor deviations especially tak-
For the bulk of the cloud the heating contribution by Hing the fact that the densities vary over 14 orders of magdeitu
vibrational deexcitation is negligible compared to pht#oe from the outside to the center of the cloud! The differences i
tric heating. OnlyMei j eri nk andLei den predict compa- O, are also reflected in the CO plot (FIg. 14, bottom left). All
rable contributions from both processes. Unfortunatély,éx- codes produce very similar density profiles and dark clodd va
act treatment of this process was not standardized and depeares.Lei den gives a smaller CO density beyoAd ¢« = 10.
very much on the detailed implementation (eg. the two-level In Fig.[I3 we plot the total surface brightnesses of the main
approximation from_Burton, Hollenbach, & Tielens (1990) ofine-structure cooling lines for the V2 model: [CII] 158n,
Rollig et all. (2006) vs. the solution of the fullbhbroblem like in - [OI] 63, and 146um, and [CI] 610 and 37@m. For the spher-
Meudon, C oudy, andSt er nber g). Generally the heating ical PDR models, the surface brightness averaged over the pr
by H, vibrational deexcitation depends on the local density afjected area of the clump is shown. The surface brightness of
the local mean FUV intensity, and should thus decreasegg lathese fine-structure lines is smaller by typically a few 10R56,
values ofAy ¢ and dominate the heating for denser clouds. calculated along a pencil-beam toward the clump centeregs th
At Aver ~ 2.3 we note a flattening of the temperaturare enhanced in the outer cloud layers. Compared with the pre
curve in many models, followed by a steeper decline somigenchmark results, the spread Tg has been decreased sig-
what deeper inside the cloud. This is not the caseHidBKW nificantly from almost 3 orders of magnitude to a factor of 3-
KOSMA- 7, and St er nber g. The reason for this difference is5 for [ClI] and [OIl]. To explain the differences in Fig. 115 we
the [Ol] 63um cooling, showing a steeper decline for the threglot in Fig.[16 the radial profiles of the local emissivitieb o
codes (Figl_T, left plot). For very large deptK€SMA- 7 pro- [Ol] 63um and [CI] 31:m. Lei den gives the highest [Ol]
duces slightly higher gas temperatures. This is due to tigefla brightnesses and also computes higher local [Ol}:68emis-
dust temperature and the strongestuibrational deexcitation sivities for small values of\ ¢, shown in Fig[[I6.COSTAR,
heating atAy ¢ > 10. with very similar results for the density profile and compa-
In Fig.[13 we plot the photodissociation rate of (top left), rable gas temperatures, gives much smaller emissivitire. T
the photoioniozation rate of C (top right), and the densftiio reason for these deviations is still unclear. The model depe
and H overAy ¢ (bottom).Meudon’ s unshielded dissociation dent spread in surface brightnesses is largest for the {@$!
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Fig. 15.Model V2 (n=1G¢ cm3, y = 10°): The plot shows the
post-benchmark surface brightnesses of the main finetstaic

with some other codes, compute a local minimum for the cool-

: : ing atAy er = 6, while theHTBKW Cl oudy, Meij erink,
_ t\ i and Meudon models peak at the same depth. This can be ex-
o 153 plained as a pure temperature effect, since the codes show-
5 NN ing a [CI] peak compute a significantly higher temperature at
"o 1E-4 N SR Av e = 6: THTBKW=83 K, T(St er nber g)=10 K. These dif-
g’ Model V2 ¥ \ ferent temperatures at the® @bundance peak strongly influ-
@ 1E5 || n=10° cm®, = 10° NN ences the resulting [Cl] surface brightnesses. Overaliythdel-
£ CLoupyY N\ e dependent surface temperatures still vary significanthis Ts
5 el v KoswAx A\ due to the additional nonlinearity of the radiative trangfeb-
E - Leiden D SeEEr— lem, which, under certain circumstances, amplifies everllsma
g . eterink abundance/temperature differences.
§ 1E7 Sternberg
o --#--UCL_PDR

[0 63 [o1] 146 [C] 158 [C1] 370 [C11 610 5.3. Review of participating codes

It is not our intent to rate the various PDR model codes. Each
code was developed with a particular field of application inan
and is capable to fulfill its developers expectations. Tlstrie

tions artificially posed by the benchmark standards weré-add
tionally limiting the capacity of the participating modeddes.
Some models encountered for example major numerical diffi-
culties in reaching a stable temperature solution for threcbe
mark models V4, mainly caused by the requesteddimation
HTBKWcomputes 10 times higher line intensities for the [Cljate ofR = 3 x 1078T¥/? cm?s™L. This gives reasonable results
37Qum transition tharSt er nber g. This can be explained asfor low temperatures, but diverges for very high tempeesur
follows. Both codes show almost identical column denstied resulting in an unreasonably high, Hbrmation heating. Other
abundance profiles ofCyet the local emissivities are very dif-codes also show similar numerical problems especiallyHer t
ferent betweery o = 4...9 (Fig.[16).St er nber g, together model V4. This numerical noise vanishes when we apply more

cooling lines: [CII] 158um, [OI] 63, and 14Gum, and [CI] 610
and 37Qum.
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physically reasonable conditions. Nevertheless it way irer tions and a single-line approximation forL, HCl oudy is also
structive to study the codes under these extreme conditions capable of explicitly calculating a fully (v,J) resolved khodel,

Every participating code has its own strengths. Waadon but this capability was switched off in the final model. Irste

code andd oudy are certainly the most complex codes in th1€y used a 3-level approximation thekei den andMeudon

i i ; [ ici Iculatimg t
benchmark, accounting for most physical effects by exptigi- '€ the only codes in the benchmark explicitly ca
culations, starting from the detailed micro-physical msses, CO shielding, all other codes use shielding factbiftBK\W\Ms ad-
making the least use of fitting formulae. ditionally accounting for X ray and PAH heating and compuates

. . Jarge number of observational line intensities, whit den fo-

G oudy was originally developed to simulate extreme envis  seg on the line emission from the main PDR coolantsO,
ronments near accreting black holes (Ferland & Rees, 1888). 5,4 co. However it is possible to couple their PDR output with
though it has been applied to Hll regions, planetary nebaidé o6 sophisticated radiative transfer code such as RATRAN
the ISM.Ferland et al. (1994) describe an early PDR calawlat i45q6rheide & van der Tak, 2000) to calculate emissiondine
Its capabilities have been greatly extended over the past s@.is’is also done bKOSMA- 7, using ONION [(Gierens et Al.,
eral years|(van Hoof et al., 2004; Abel et al., 2005; Shaw.et &992) or SimLinel(Ossenkopf etlal., 2000DSTAR was devel-
2005). Due to the complexity of the code, itwas initially pos- 04'in order to model circumstellar disks, featuring avegi
sible to turn off all implemented physical processes asirequ gigy density profile in radial direction and scale height énti
for the benchmark, but during this study they were able t@adq,,| gjrection. It uses uni-directional FUV illumination duean
all benchmark requirements thus removing all major dei®si 04t 5 surrounding isotropic interstellar FUV field in aitti

The codedHTBKW Lei den, St er nber g and KOSMA- T to the uni-directional stellar field. It computes a relavemall
are based on PDR models that began their development 20 yegrsmical network (48 species) but also accounts for freete-
ago and have been supported and improved since then. Oneritb grains and desorption effects. It relies on shieldingct
the main differences between them is the model geometry-andions for H, and CO and does not calculate observational line
lumination. Plane-parallel geometry and uni-directiaflaimi-  intensities up to now. Nevertheless most of (BBSTAR re-
nation is assumed iRMTBKW Lei den and St er nber g and  sults are in good agreement with the other code results fet mo
spherical geometry with an isotropically impinging FUV #lel of the benchmark models, demonstrating that it correctly ac
in KOSMA- 7. The chemistry adopted generally MifrBKWis counts for the important PDR physics and chemigtiGl._PDR
the smallest (46 species) compared véther nber g (78) and is a plane-parallel model focused on time-dependent cligesis
Lei den/ KOSMA- T (variable).Lei den, Sternberg and with freeze-outand desorption. Its main features are g fintie-
KOSMA- T explicitly solve the H problem (full ro-vib level pop- dependent treatment - including time-varying density aawti-r
ulation) and determine the corresponding shielding bygirste  ation profiles - and its speed, which makes it suitable for pa-
ing all absorption coefficients whildTBKWuses shielding func-



Rollig et al.: A PDR-Code Comparison Study 19

rameter search studies where a large number of models need+cAll PDR models are heavily dependent on the chemistry and
be run. It can also be coupled with the SMMOL radiative trans- micro-physics involved in PDRs. Consequently the results
fer code |(Rawlings & Yates, 2001) for a detailed treatment of from PDR models are only as reliable as the description of
the PDR emission propertielsee96nmod was developed from the microphysics (rate coefficients, etc.) they are based on
the time-dependent chemical model by Lee, Herbst, andlzolla i i

orators. It is strongly geared toward complex chemical wcalcOne of the lessons from _thls study is that_observers should no
lations and only accounts for constant temperatures, ciagge take the PDR results too literally to constrain, for exampleys-
local cooling and heatingVei j eri nk is a relatively young ical parameters like density and radlatlon field in the ragio
model with special emphasis on XDRs (X-ray dominated réey observe. The current benchmarking shows that all srend
gions) which quickly evolved in the course of this study arel ware consistent between codes but that there remain dlﬁ‘ese_n
refer tol Meijerink & Spaans (2005) for a detailed review ad thin absolute values of observables. Moreover it is not ptessib

current status. In the Appendix we give a tabular overvieaibf t0 simply infer how detailed differences in density or temzpe
main model characteristics. ture translate into differences in observables. They aedbult

of a complex, nonlinear interplay between density, tenmpeea

and radiative transfer. We want to emphasize again, thaball

. ticipating PDR codes are much 'smarter’ than required dyrin
6. Concluding remarks the benchmark. Many sophisticated model features have been

We present the latest result in a community wide compar@witched off in order to provide comparable results. Ouenat
tive study among PDR model codes. PDR models are avdifn was technical not physical. The presented results ate n
able for almost 30 years now and are established as a comrfit#nt to model any real astronomical object and should not be
and trusted tool for the interpretation of observationahd@ihe applied as such to any such analysis. The current benchmgarki
PDR model experts and code-developers have long recogniz@gtlts are not meant as our recommended or best values, but
that the existing codes may deviate significantly in thesutes, Simply as a comparison test. During this study we demorestrat
so that observers must not blindly use the output from one @t an increasing level of standardization results in aii@ant
the codes to interpret line observations. The PDR-bendkingar reduction of the model dependent scatter in PDR model predic
workshop was a first attempt to solve this problem by separfns. It is encouraging to note the overall agreement in ehod
ing numerical and conceptional differences in the codesyan results. On the other hand it is important to understandstinall
moving ordinary bugs so that the PDR codes finally turn into@anges may make a big difference. We were able to identify a
reliable tool for the interpretation of observational data number of these key points, e.g. the influence of exciteddvydr |
Due to their complex nature it is not always straightforwar@€n or the importance of secondary photons induced by cosmi

to compare results from different PDR models with each othéRYS:
Given the large number of input paramters, it is usually jbss Future work should focus on the energy balance problem,
to derive more than one set of physical parameters by compglgarly evident from the sometimes significant scatter erti

ing observations with model predictions, especially whea is ~ SUlts for the non-isothermal models V1-V4. The heating by-ph
chiefly interested in mean densities and temperatures. @alr gtoelectrlc emission is closely related to the electron demrsd
was to understand the mutual differences in the differerdeho tO the detailed description of grain charges, grain sunfacem-
results and to work toward a better understanding of the kay pPinations and photoelectric yield. The high temperatugsme
cesses involved in PDR modeling. The comparison has reveafesC requires an enlarged set of cooling processes. Anither

the importance of an accurate treatment of various prosgsd®rtant consideration to be adressed, especially whemieso
which require further studies. to comparisons with observations is the model density &ira¢

The workshop and the following benchmarking activitie.

fe. clumping or gradients. As a consequence we plan to con-
were a success regardless of many open issues. The majo |p¢1_e our benchmark effort in the future. This should indwd
sults of this study are: cal

bration on real observational findings as well.

. . Acknowledgements. We thank the Lorentz Center, Leiden, for hosting the
— The collected results from all participating models refgorkshop and for the perfect organization, supplying a vemyductive en-
resent an excellent reference for all present PDR codésnment. The workshop and this work was partly funded by Ereutsche

and for those to be developed in the future. Edrorschungs Gesellschaft DFG via Grant SFB494 and by a Spig@nt from

. . . : : Netherlands Organization for Scientific Research (NW@ also would
the fl.rSt time .SUCh a reference is eaS|Iy available n e to thank the referee and the editor for making helpfujgestions which
only in graphical form but also as raw data. (URLjepped to improve the manuscript.

ht t p: // www. ph1. uni - koel n. de/ pdr - conpari son)
— We present an overview of the common PDR model codes
and summarize their properties and field of application ~ References
— As a natural result all participating PDR codes are now bettgbel’ N.P., Ferland, G.J., van Hoof, PAM., and G.Shaw,5208pJ, in print
debugged, much better understood, and many differences b&astro-phos06514)
tween the results from different groups are now much clearggrall, H., Le Bourlot, J., Pineau Des Foréts, G., RouEff, Flower, D.R.,
resulting in good guidance for further improvements. Heck, L., 1992, A&A, 253, 525
— Many critical parameters, model properties and physiaa! priegrall. H., Roueff, E., Drira, |., 2000, A&AS, 141, 297
have been identified or better understood in theeco jpadriesse, C.D., 1978, A&A, 66, 196
cesses ha Winoto N., Sofue Y., & Tsujimoto T. 1996, PASJ, 48, 275
of this study. Bakes, E. L. O. & Tielens, A. G. G. M. 1994, ApJ, 427, 822
— We were able to increase the agreement in model predictigakes, E. L. O, Tielens, A. G. G. M., 1998, ApJ, 499, 258

for all benchmark models. Uncertainties still remain, -visiBe':'));Aéé\lﬁﬁ S., Williams D. A., Crawford I. A., Price R. J2005, MNRAS,
ble e.g. in the deviating temperature profiles of model V@enscﬁ, F. Leuenhagen, U., Stutzki, J., Shieder, R., 2608, 591, 1913

(Fig.[12) or the large differences for the; lghoto-rates and pergin, E.A., Melnick, G.J., Stauffer, J.R., et al., 2009JA539, L129
density profiles in model V4 (cf. online data archive). Bertoldi, F., Draine, B. T, 1996, ApJ, 458, 222


http://www.ph1.uni-koeln.de/pdr-comparison

20

Black, J. H., Dalgarno, A., 1977, ApJS, 34, 405

Black, J. H. and van Dishoeck, E. F., 1987, ApJ, 322, 412

Boger, G.I. & Sternberg, A., 2005, ApJ, 633, 105

Boger, G.l. & Sternberg, A., 2006, ApJ, in press, (see alsoa/0601323)

Boissé P. 1990, A&A, 228, 483

Bolatto, A. D., Jackson, J. M., Wilson, C. D., & Moriarty-Seten, G. 2000,
ApJ, 532, 909

Bolatto A.D., Jackson J.M., Ingalls J.G. 1999, ApJ, 513, 275

Boselli, A., Lequeux, J., & Gavazzi, G. 2002, A&A, 384, 33

Boselli, A., Gavazzi, G., Lequeux, J., Pierini, D. 2002, A&385, 454

Bresolin, F. and Garnett, D. R. and Kennicutt, R. C., 2004],/4815, 228

Burke, J. R., Hollenbach, D. J., 1983, ApJ, 265, 223

Burton, M. G., Hollenbach, D. J., & Tielens, A. G. G. M. 199).A 365, 620

Cazaux, S., Tielens, A. G. G. M., 2004, ApJ, 604, 222

de Boisanger, C. B., Chieze, J.-P., Meltz, B., 1992, ApJ, 482

de Jong, T., Boland, W., Dalgarno, A., 1980, A&A, 91, 68

d‘Hendecourt, L., Léger, A., 1987, A&A, 180, L9

Dominik, C., Ceccarelli, C., Hollenbach, D., Kaufman, M00B, ApJ, in print

Draine B.T. 1978, ApJS, 36, 595

Draine, B. T., Bertoldi, F., 1996, ApJ, 468, 269

Draine, B. T., 2003, ARA&A, 41, 241

Duley et al. 1992, MNRAS, 255, 463

Elmegreen, B. G. & Falgarone, E. 1996, ApJ, 471, 816

Escalante, V., Sternberg, A., & Dalgarno A., 1991, ApJ, 33

Ferland, G.J. & Rees, M.J. 1988, ApJ, 332, 141

Ferland, G.J., Fabian, A.C., and Johnstone, R.M. 1994, MSIR%&6, 399

Ferland, G. J., Korista, K. T., Verner, D. A., Ferguson, J, Kihgdon, J. B. and
Verner, E. M., 1998, PASP, 110, 761

Flannery, B.P., Roberge, W., Rybicki, G.B., 1980, ApJ, Z88

Flower, D.R., 1997, MNRAS, 288, 627

Flower, D.R., 1998, MNRAS, 297, 334

Flower, D.R., Roueff, E., 1999, MNRAS, 309, 833

Fuente, A., Martin-Pintado, J., Cernicharo, J., BachilRer, 1993, A&A, 276,
473

Fuente, A., Martin-Pintado, J., Gaume, R., 1995, A&A, 4423L

Fuente, A., Garca-Burillo, S., Gerin, M., Teyssier, D., tdsé\., Rizzo, J. R., de
Vicente, P., 2005, ApJ, 619, L155

Gierens K.M., Stutzki J., Winnewisser G. 1992, 259, 271

Glassgold, A. E., Langer, W. D., 1975, ApJ, 197, 347

Goldsmith, P.F., Melnick, G.J., Bergin, E.A., et al., 208@J, 539, L123

Gorti, U., Hollenbach, D., 2002, ApJ, 573, 215

Gredel, R., Lepp, S., Dalgarno, A., 1987, ApJ, 323, L137

Habing, H.J., 1968, Bull. Astron. Inst. Netherlands, 191 42

Hegmann, M., Kegel, W. H., 1996, MNRAS, 283, 167

Hegmann, M., Kegel, W. H., 2003, MNRAS, 342, 453

Heithausen, A., Bensch, F., Stutzki, J., Falgarone, E., 8iRd. F. 1998, A&A,
331, L65

Henyey, L.G., and Greenstein, J.L., 1941, ApJ, 93, 70

Hill, J. K., Hollenbach, D. J., 1978, ApJ, 225, 390

Hogerheijde, M. R., van der Tak, F. F. S., 2000, A&A, 362, 697

Hollenbach, D. &Salpeter, E. E. 1971, ApJ, 163, 155

Hollenbach, D. ,Werner, M. W., &Salpeter, E. E. 1971, ApB,185

Hollenbach, D. & McKee, C. F. 1979, ApJS, 41, 555

Hollenbach D.J., Takahashi T., Tielens A.G.G.M. 1991, Y%, 192

Hollenbach D.J., Tielens A.G.G.M.,1997, ARA&A, 35, 179

Hollenbach D.J., Tielens A.G.G.M., 1999, Rev.Mod.Phys172

Howe, J. E., Jaffe, D. T., Genzel, R., & Stacey, G. J. 1991, 8p3, 158

Hunter, D. A., Kaufman, M., Hollenbach, D. J., Rubin, R. Halkbtra, S., Dale,
D. A., Brauher, J. R., Silbermann, N. A., Helou, G., Contufsj Lord, S. D.,
2001, ApJ, 553, 121

Israel, F. P. 1997, A&A, 328, 471

Israel, F. P., Baas, F., Rudy, R. J., Skillman, E. D., Woodw@r E. 2003, A&A,
397, 871

Jansen, D. J. and van Dishoeck, E. F. and Black, J. H. and Sgdaand Sosin,
C., 1995, A&A, 302, 223

Jura, M., 1974, ApJ, 191, 375

Kamp, I. and Bertoldi, F., 2000, A&A, 353, 276

Kamp, I. and van Zadelhoff, G.-J., 2001, A&A, 373, 641

Kaufman M.J., Wolfire M.G., Hollenbach D.J., Luhman M.L. 9%\pJ, 527,
795

Koster B., Storzer H., Stutzki J., Sternberg A. 1994, A&R&4, 545

Kramer, C., Stutzki, J., Rohrig, R., & Corneliussen, U. 1988A, 329, 249

Le Bourlot, J., Pineau Des Foréts, G., Roueff, E., & FlovierR. 1993, A&A,
267, 233

Le Bourlot, J., 2006, priv. communication

Le Petit, F., 2006, A&A, in press

Le Petit, F., Roeuff, E., Herbst, E., 2004, A&A, 417, 993

Le Petit, F., Roueff, E., Le Bourlot, J., 2002, A&A, 390, 369

Rollig et al.: A PDR-Code Comparison Study

Le Teuff, Y. H. and Millar, T. J. and Markwick, A. J., 2000, A& 146, 157

Lee, H.-H. and Herbst, E. and Pineau des Foréts, G. and Rdueénd Le
Bourlot, J., 1996, A&A, 311, 690

Lepp, S., Dalgarno A., 1988, ApJ, 335, 769

Lequeux, J., Le Bourlot, J., Des Foréts, G. P., Roueff, Bul&nger, F., & Rubio,
M. 1994, A&A, 292, 371

Li, A., Draine, B. T., 2002, ApJ, 576, 762

Lintott, C.J., Rawlings, J.M.C., 2005, to be published in A&

Liseau, R., White, G. J., Larsson, B., Sidher, S., Olofs&hnKaas, A., Nordh,
L., Caux, E., Lorenzetti, D., Molinari, S., Nisini, B., Sligi, F., 1999, A&A,
344,342

Madden, S. C., Poglitsch, A., Geis, N., Stacey, G. J., & Tay@e H. 1997, ApJ,
483, 200

Madden S.C. 2000, NewAR, 44, 249

Markwick-Kemper, A.J., 2005, IAU Symposium No. 231, 2005) AMarkwick-
Kemper ed.

Meijerink, R., Spaans, M. , 2005, A&A, 436, 397

McKee C.F., 1989, ApJ, 345, 782

Meixner M. & Tielens, A.G.G.M. 1993, ApJ, 405, 216

Millar, T. J., Farquhar, P. R. A., & Willacy, K. 1997, A&AS, 12139

Mochizuki, K. and Onaka, T. and Nakagawa, T., 1998, ASP Csef., 132, 386

Nejad, L. A. M., Wagenblast, R., 1999, A&A, 350, 204

Ossenkopf, V., Trojan, C., Stutzki, J., 2001, A&A, 378, 608

Pagani, L., Olofsson, A.O.H., Bergmann, P., et al., 2003AA&02, L69

Pak, S., Jaffe, D. T., van Dishoeck, E. F., Johansson, L. E&BBooth, R. S.
1998, ApJ, 498, 735

Papadopoulos, P. P. and Thi, W.-F. and Viti, S., 2002, Ap9, 870

Rawlings, J. M. C., Yates, J. A., 2001, MNRAS, 326, 1423

Rollig, M., Hegmann, M., Kegel, W. H., 2002, A&A, 392, 1081

Rollig, M., Ossenkopf, V., Jeyakumar, S., Stutzki, J.rSterg, A., 2006, A&A,
451, 917

Roberge, W.G., Jones, D., Lepp, S., Dalgarno, A. 1991, Apa287

Roberts, H., Herbst, E., A&A, 395, 233

Rubio, M., Boulanger, F., Rantakyro, F., Contursi, A., 208&A, 425, L1

Savage, C., Ziurys, L. M., 2004, ApJ, 616, 966

Shaw G., Ferland G.J., Abel N.P., Stancil P.,van Hoof P.A2005, ApJ, 624,
794

Shalabiea, O. M., Greenberg, J. M., 1995, A&A, 296, 779

Simon, R., Jackson, J. M., Clemens, D. P, Bania, T. M., & Heye H. 2001,
ApJ, 551, 747

Spaans, M. 1996, A&A, 307, 271

Spaans M. & van Dishoeck E.F., 1997, A&A, 323, 953

Spaans M. & van Dishoeck E.F., 1997, ApJ, 548, L217

Stacey, G. J., Geis, N., Genzel, R., Lugten, J. B., Poglitd&chSternberg, A.,&
Townes, C. H., 1991, ApJ, 373, 423

Steiman-Cameron, T.Y., Haas, M.R., Tielens, A.G.G.M.,t8ur M.G. 1997,
ApJ, 478, 261

Sternberg, A., 1988, ApJ, 332, 400

Sternberg, A., 1989, ApJ, 347, 863

Sternberg A. & Dalgarno A. 1989, ApJ, 338, 197

Sternberg, A., 1990, ApJ, 361, 121

Sternberg A. & Dalgarno A. 1995, ApJS, 99, 565

Sternberg A. & Neufeld, D. A., 1999, ApJ, 516, 371

Storzer H., Stutzki J. & Sternberg A. 1996, A&A, 310, 592

Storzer H., Hollenbach, D., 1998, ApJ, 495, 853

Storzer H., Zielinsky, M., Stutzki, J., Sternberg, A., BOB&A, 358, 682

Stutzki, J., 1984, Ph.D. Thesis, Universitat zu Koln

Stutzki J., Stacey G.J., Genzel R., Harris A.l., Jaffe D.TLégten J.B., 1988,
ApJ, 332, 379

Taylor, S. D. and Hartquist, T. W. and Williams, D. A., 1993NRAS, 264, 929

Terzieva, R. & Herbst, E., 1998, ApJ, 501, 207

Teyssier, D., Foss, D., Gerin, M., Pety, J., Abergel, A., &OLE., 2004, A&A,
417,135

Thuan, T. X., Sauvage, M., & Madden, S. 1999, ApJ, 516, 783

Tielens A.G.G.M., Hollenbach D. 1985, ApJ, 291, 722

Trumpler, R.J., 1930, PASP, 42, 267

van Dishoeck, E.F., 1988, in Rate Coefficients in AstroclsémyiMillar T.J. and
Williams D.A., (eds.) Kluwer Academic Publishers, Dordreq. 49

van Dishoeck, Ewine F., Black, John H., 1988, ApJ, 334, 771

van Hoof P.A.M., Weingartner J.C., Martin P.G., Volk K., Ferd G.J., 2004,
MNRAS, 350, 1330

van Zadelhoff, G.-J., Dullemond, C. P., van der Tak, F. FY&es, J. A., Doty, S.
D., Ossenkopf, V., Hogerheijde, M. R., Juvela, M., Wieseengid., Schier,
F.L., 2002, A&A, 395, 373

Verstrate, L., Léger, A., d'Hendecourt, L., Dutuit, O., fderneau, D., 1990,
A&A, 237, 436

Viti, S., Roueff, E., Hartquist, T.W., Pineau des Foréts,\@illiams, D.A., 2001,
A&A, 370, 557


http://fr.arXiv.org/abs/astro-ph/0601323

Rollig et al.: A PDR-Code Comparison Study

Weingartner, J. C., Draine, B. T., 2001, ApJ, 563, 842

Wagenblast, R., Hartquist, T. W., 1988, MNRAS, 230, 363

Wakelam, V., 2004, A&A, 413, 609

Wakelam, V., Selsis, F., Herbst, E., Caselli, P., 2005a, A&dbmitted

Wakelam, V., Herbst, E., Selsis, F., 2005, IAU Symposium R®81, 2005b,
A.J. Markwick-Kemper ed.

Walmsley, C. M., Pineau des Foréts, G., Flower, D. R., 1989, 342, 542

Warin, S., Benayoun, J. J., & Viala, Y. P., 1996, A&A, 308, 535

Wilson C. D. 1995, ApJ,448, L97

Wilson, C. D., Olofsson, A. O. H., Pagani, L., Booth, R. S.jskr U.,
Hjalmarson, ., Olberg, M., Sandgvist, Aa., 2005, A&A, 433, L

Wolfire, M. G., Hollenbach, D., McKee, C. F., Tielens, A. G. K., & Bakes,
E. L. O. 1995, ApJ, 443, 152

Wolfire, M. G. and McKee, C. F. and Hollenbach, D. and TielehsG. G. M.,
2003, ApJ, 587, 278

Zaritsky, D., Kennicutt, R. C., Jr., Huchra, J. P., 1994, M%D, 87

Zielinsky M., Stutzki J., Storzer H. 2000, A&A, 358

Appendix A: Characteristics of Participating PDR
Codes

In Tab.[A.l we summarize the most important characteris-
tics of the participating PDR codes. This table summarizes
the full capabilities of the PDR codes and is not limited
to the benchmark standards. It has been extracted from de-
tailed characteristics sheets, available online for alleso
http://ww. phl. uni - koel n. de/ pdr - conpari son.
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Table A.1. Full capabilities of the PDR model codes participating ie teiden comparison study

14 & 3 o
[ag a) 1 o = 4
s < 1S o | £
SEEIEEHEE IR
s &|z|a 2|8l 2|28 |t
olo|s| D |xz|e| =T |8 8 |0 |=
GEOMETRY
spherical X X
plane-parallel, finite X X X X
plane-parallel, semi-infinite X X X X X X X X | X
circumstellar disc X | x X
ensemble of clouds X
DENSITY
homogeneous X | x [ x| x X | x| x | x| x X | X
density-law X | x [ x| x X | X | x| X X
time dependent X X
velocity field X X
v = const X X
v=V(r,...) X
RADIATION
isotropic radiation field X X
uni-directional radiation field X | x [ x| x X X | X X X | X
combination of isotropic+illuminating star X
Habing field X X X X X
Draine field X | X | x X | X X X
optional star X X X
detailed SED X X
other X X | X X
external radiation source X | x [ x| x X | X X | X X X | X
internal radiation source
CHEMISTRY
stationary chemistry X | x | x X | X X X | X
time-dependent chemistry X X X X
advection flow X
UMIST95 X X X X X X | X
UMIST99 X X X | X X | X
NSM X X X
other database X | x | x X X X
fixed number of species X | X X X X X X
variable number of species X X X X
number of species 96 | 48 128 | 46 577 419 | 78
PAH’s included X X X | X X X
freeze-out on grains included X | x [ x| x X
H, formation on grains X | x | x X X | X X X X X | X
formation of other molecules on grains X | X X
desorption mechanisms included X | X X
thermal desorption X | x X
photoevaporation X
CR spot heating X X X
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Table A.1. continued.

4 v =
> g 5 E = < o c £ 3 E
S| =S |2 = ol & c | o
2 8|g| o (B8l S| %la|e
o|lo|l=s| D |xz|¥|=x |38 %8 |56 |=
grain-grain collisions X
metallicity included X | x [ x| x X | X X X | X
ISOTOPOMERS
BC X X X X X
170
180 X X X
D X X X X
THERMAL BALANCE
fixed temperature X | X [ x| X X X | X X | x
temperature determined from energy balancg | x | x | x X | x| x | x X | X
COOLING
gas-grain cooling X | X | x X X | X X X X | X
radiative recombination X X X X
chemical balance X
[Ol] lines X | x [ x| x X | x| x | X X | X
12CO rotational lines x | x [ x] x [ x[x] x [x X
13CO rotational lines X X x| x X
Cll] line X | x [ x| x X | x| x | X X | X
Cl] lines X | x [ x| x X | x| x | x X | X
Sill] lines X X X | X X | X
OH rotational lines X X | x X | x
H-O rotational lines X X | X X | X
H, rotational lines X X X X | X
HD rotational lines X X
[O1] 6300A metastable lines x | x| x| x X X | x
CH rotational lines X X
Ly @ metastable lines X | x X X X
Fe(244,34u), [Fell](26u,35.4u) X X X | x
H, (rot-vib) X X X X | X
HEATING
Ho vibrational deexcitation X | x | x X X | X X X X | X
single line approx. X | x X X X | X X
only n-levels, but no J X X
full rot-vib treatment X X X
H, dissociation X | x| x| X X | x| x | X X | x
H, formation X X | X X X | X X X | X
CR heating X | x [ x| x X | x| x | X X | X
PE heating X | x [ x| x X | x| x | X X | X
XR heating X X X X
PAH heating X X | X X | X X X
photoionization X | x [ x| x X X
carbon ionization heating X | x [ x| X X X | x
other species (S, etc.) X X
gas-grain collisions X | X | x X X X | X
turbulence heating X X | x
chemical balance X | X X

UV TRANSFER
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Table A.1. continued.

x & 3 o
e 1 (@] = X
~|<|5| 8 (2|<| || E|S8|E
T |5 =2 2 |5 & c | o
2188|0218 L8| % |2|s
o|lo|l=s| D |xz|¥|=x |38 %8 |56 |=
solved self-consistently X | x [ x| x X | X X X | X
simple exponential attenuation X | x [ x| x X | x| x | x| x X | X
bi-exponential attenuation X X
full RT in lines X X
DUST
treatment of rad. transfer X X X | X X X | x
grain size distribution X X | X X
extinction/scattering law X | x [ x| x X | x| x | x| x X
albedo X X | X X X
scattering law X X X
H, SHIELDING
shielding factors X | x X X X X | X
single line X X X
detailed solution X X X X
CO SHIELDING
shielding factors X | x X X | x| x | x| x X | X
single line X X X
detailed solution X X
isotope selective photodissociation X X X X
UV PROFILE FUNCTION
Gaussian X X
Voigt X X X X | X
Box
other
RADIATIVE TRANSFER IN COOLING LINES
escape probability X | x [ x| x x| x| x |x X | X
other
IR pumping X | x X X X
OBSERVATIONAL LINES
self-consistent treatment with cooling X X
escape probability X X x| x |x X | X
other X X
H» X X X X
HD X X X
2co X x| x | x| x] x X
BCo X X X X
ct®o X X
13cl80 X X
[o1 X X | X X | x| x | X X | X
Cll X X | X X | x| x | X X | X
CI] X X | X X | x| x | X X | X
Sit X X X X
CS X X
Hzo X
H3*O
HCO* X X | X X
OH X
Sil] X X | X
SIT,[SI] X X | X X
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COSTAR
Meudon
UCL_PDR

KOSMA- 1

Aikawa

Leiden

Lee96mod

Sternberg

[Fell], [Fell]

x| Cloudy
x| HTBKW

x| Meijerink

COMPUTED LINE PROPERTIES

resolved line profile

x

x

continuum rad./rad transfer in UV

line center intensities

line integrated intensities

optical depths

Gaussian line profile

X|X| X[ X X
X|X| X[ X X
x
x

XXX X

XXX X

box line profile

turbulence included

x

COLLISIONS

H-H

x
x

Fp-H

x
x

H, - H+

H,-e

Ho - Ho

XXX X]| X

CO-H

CO-H,

XX | X[ X[ X]|X
XX | X[ X

CO-e

XX X[ X X| X[ X

CO -He

CH

x

C-Hy

C-e

XX | X[ X| X[ X| XX

C-He

X| X | X[ X

x
X|X| X[ X[ X
XX X[ X|X|X|X|X

C-HO

C"-H

x

C"-Hy

x

Cr-e

O-H

O-Hp

X|X| X[ XX
X|X| X[ X[ X

XXX X

XX X| X[ XX

X|X| X[ X[ X

O-H+

O-e

x
x

O-He

XX | X[ X|X|X|X|X
XX | X[ X|X|X|X|X

X|X| X[ X[ X

OH-H

OH-He

OH-H,

H -H

H,O - e

H,0-H

H.,0 - Hp

H,O -0

dust - H/H

dust-any

Sit-H

HD-H

x

HD - H,

PAH-any

OUTPUT

abundance profile over (Adepth)

column density over (&/depth)

temperature profile over (Adepth)

emitted intensities

XX | X[ X
XX | X[ X
X| X | X[ X
x

X[ XXX

X[ XXX

XX | X[ X
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Table A.1. continued.

x & 3 o
e 1 (@] = X
~|<|5|8|2|<| s || E|Z|E
S| =S |2 = ol & c | o
S| W[5 4 | m|W» g |-l Q = | =
10|l O |E|lO| X |3 0| 2|2
O|lO|=2]| D I | X| < |2l a]|n |2
opacities at line center X X | X X X | X
heating and cooling rates over\Alepth) X X | X X X X | X
chemical rates over (¥depth) X | X X X X | X
excitation diagram of bl X X X X
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