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Abstract. Observations of photon dominated regions (PDRsplumn density of the molecules (van Dishoeck & Black 1988).
show that variations of thHé CO/C'®0 integrated line intensities According to its more efficient self-shieldidgCoO is enriched

are closely correlated to the total¥® brightness along the linein comparison to €0 at low A,, where the radiation field is

of sight (l.0.s.). From these intensity variations a change of tafong. Hence thé3*CO/C'®O abundance ratio changes from
N(!3CO)/N(C'®0) column density ratio from values of abouhigh values in the range of 30-40 near the ionisation front to
5 to 40 or larger was deduced in the past. We argue that thizédues of about 5-7 deep inside the cloud which represent the
naturally explained by a model otiumpycloud: low ratios are natural isotopomeric abundance.

observed at positions of high l.0.s. column density, where the Observations of Minchin & White (1995); Minchin et al.
line emission is dominated by a few large clumps, while higfL995), and White & Sandell (1995) show that ti€0/C'20
ratios originate at positions covered by many small clumpsplumn density ratios, derived from the low-J line brightnesses,
having low l.o.s. column density. Quantitative agreement of ouary systematically with the total line-of-sight (l.0.s.) column
models with observations of the S140 and the Orion Bar PDRdsnsity which is derived from the'€0 brightness alone. Both
achieved without any additional assumptions about the southe absolute value of the abundance ratio and the systematic
geometry, thus avoiding the problems of previous models witlecrease with increasing column density are at first sight con-
plane parallelgeometry, which required an ad hoc correlatiosistent with the fractionation effects predicted by PDR models
between the l.0.s. column density and the attenuation toward #isediscussed above, and these observations are thus commonly
exciting sources. We conclude, that at least for high radiatiogferred to as observational confirmation of the PDR scenario.
field environments the €0 integrated line intensity is not aA second thought, however, shows that this interpretation is

valid column density tracer. inconsistent, as is explained in Sect. 2.
Onthe other hand, molecular clouds are known to be clumpy
Key words: ISM: clouds — ISM: structure with a distribution of clump masses and sizes following simple

power laws (cf. Stutzki et &l. 1998). In this paper we present an
explanation of the observed isotopomeric CO abundance vari-
ation in a clumpy PDR model. Beyond a statistical distribution

1. Introduction of clumps with a specific clump mass/size spectrum over a cer-

Photon dominated regions occurwhereverfar-ultraviolet(FU\tf’}'n range of sizes no additional assumptions are made about

radiation, e.g. originating in newly formed massive stars, illumife global structure of the PDR in question. The addition of a

nates the surface of molecular clouds and controls the physiR&f[ Y homogeneous interclump medium, modeled by an excess
and chemical properties of the gas. The attenuation of the FG{V€TY low mass clumps, can improve the agreement with the
intensity with increasing depths into the cloud results in a |ar8gservalt?|)onal dlzta. _ _ o ,

temperature gradient and a stratification of the chemical struc- The “CO/C°O line ratio of the emission of a single cloud

ture on the cloud surface. Most PDR models calculate the clofi@d@ment (clump) depends on its size: while for large clumps

structure based on a plane parallel, semi infinite cloud mod@f iSotopomeric intensity ratio mainly reflects the different ex-

(Tielens & Hollenbach 1985: Sternberg & Dalgaino 1989). THgtation conditions at the positions in the cloud where the lines
distance from the ionisation front is parameterized by the \ifiginate, in the case of smaller clumps the lower self-shielding
sual extinction A which is proportional to the column densityfacwrofthe rare €O isotopomer b.ecomes'm_ore |mportantand

towards the exciting source. For the dissociation and formatil§dS to nearly complete destrlljéznon of this isotopomer, which
of CO self-shielding plays a crucial role, as the CO dissociatiéfSu!ts in high values for’ CO/C'O (see Sirzer et al2000).

rate is mainly limited by the saturation of the Uv-absorption intgU€ t© the intrinsic clump size distribution and its statistical
pre-dissociation levels or coinciding,Hines due to increasing spatial distribution the systematic variation of isotopomeric CO
line brightness with clump size translates into a variation with

Send offprint requests tstutzki@ph1.uni-koeln.de total I.0.s. column density. This is due to the fact that positions
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with high total column density are dominated by a few large Calculation of the isotopomeric CO emission
clumps along the l.o.s., whereas the total column density is low,from an ensemble of clumps in a PDR

if only small clumps are present along the l.o.s.. . . . .
y P P g Measurements with increasing spatial resolution have shown

In Sect. 2 we review the observational result$t@0/C20 i :
molecular clouds to be clumpy with structure being present al-

fractionation and critically discuss the standard interpretation )

. . ways down to the smallest scales observationally resolved. In
from the viewpoint of plane parallel models. In Sect.3 "the following, we assume the molecular cloud to be composed
present our model of the line emission of an inhomogeneoufs 9, P

medium with given clump mass spectrum. In Sect. 4 we app Yan ensemble of spherical clumps with a given mass (or size)
our model to observations of the S140 and Orion Bar regioéft”buuon' We calculate the isotopomeric CO line brightness

; . a clump of given size using the model for spherically sym-
and we summarize our results in Sect. 5 metric clumps in an isotropic UV field as described bir3er

et al. (1996). The density of each clump follows a power law:
2 Discussion of the observed n(r) = no(r/R)—?’/?,_ wheren, is the density at the surface
N(13CO)/N(C'20) - A, relation andR is the toFaI radius of the clump. The photo dlssoplatlon
factors of CO isotopomeres are those listed by van Dishoeck
Minchin & White (1995), Minchin et al.[(1995) and White &¢& Black (1988); the reaction rates for CO and HEGrac-
Sandell (1995) have published isotopomeric CO low-J obs@bnation reactions were taken from Langer et[al._(1983). The
vations of various edge on PDRs (Orion Bar, S140 and NGurface integrated intensity of the CO line emission is calculated
1977), which all were analysed in the following way: in a firstrom the resulting density- and temperature stratification using
step the isotopomeric column densities are derived at each #i ONION radiation transport code for spherically symmetric
sition from the corresponding’CO- and C*O-line integrated clouds (Gierens et dl. 1992).
intensities, including optical depth correction, if necessary, for An analysis of the theoretically calculated single clump
the'*CO line. In a second step, using the empirical relation emission shows, that neither a change of the clump averaged
density nor a modification of the incident FUV radiation field
N(C'®*O)/A, =2.29x 10" cm™? mag™" (1) strength alone, while keeping the other model parameters fixed,
results in a large variation of tHé CO/C'30 intensities or col-
umn densities ($trzer et al._2000). On the other hand system-
N(*CO)/N(C*0) ratios are found to be correlated with lo atic changes in th@CQ/Clgo brightness ratio are obtained by
s I8 5 - V‘ﬁhanglngtheclump size:as COformsin PDRs by self-shielding,
A, values: N{*CO)/N(C®0) o A7, with 3 = 0.35 for S140 6 gissociation rate increases with decreasing column density
and = 0.6 for Orion Bar. The correlation holds over a rangg e co molecule. While the clump size becomes smaller this

of A, from a few mag.to about 100 mag. _effect grows more rapidly for the raret %D isotopomer than for
These results are interpreted by the authors as observaﬂqe@o implying that in small clumps €O is almost completely
confirmation for the variation of th& CO/C'®O fractionation disso,ciated. Projected on the plane-of-the-sky theCCemit-

with extinction from the exciting UV-source in tche context o, region of the cloud therefore has a much smaller extent than
plane parallel PDR models (e.goster et al._1994). This ar-y,613co emitting part, resulting in a lower area filling factor.

gument does not hold, however, because the derived eXtinC@éEides that, the inner region of the cloud, where tHe&ine
values are measuratong the Ilne—of-3|ghtwhlle contrary {0 5 giation originates, is cooler than the outéO line forming
that the parameter usually denoted asithe plane parallel ;05 are Both effects together result in lafg@0/CI80 line
models specifies the deptbwards the direction of the incident, i for smaller clumps and finally very high brightness ratios
radiation field In the case of edge on PDRs the line of sight;co

and the direction of the incident radiation field are oriented per- || the case of large clumps the different dissociation factors

pendicular and hence the extinction towards the direction &ﬁly affect the CO formation in a thin surface layer of the cloud,

the FUV-field is not observable directly. A correlation betweegije the main part of the emission originates in the interior re-

the l.o.s. column density and the extinction towards the exc fons. Hence the geometrical projection effect mentioned above

ing source, as assumed by Minchin etal. (1995), appears G D& jigible and the line ratio only reflects the different excita-

rather ad hoc and is not justified considering the structure gf,, oo nditions of the surface layer, from which €0 radia-
the PDR being stratified along the direction of the incident U¥on originates, in comparison to the inner clump region, which
radiation and perpendicular to the l.0.s. direction. Otherwiseéﬂ]its the ¢8

(Lada et al.[1994) the visual extinction,Aalong the line
of sight is deduced from the €0 column density. High

constant at whatever value corresponds to the abundance rf%ﬂﬂer accidental

averaged over the PDR-transition zone. In order to estimate the emission from the clumpy cloud as

We conclude, that in none of these cases or any simple g&z e along any particular line of sight we assume the clumps
ometrical configuration in between a correlation like the ong have anassspectrum of the form

observed would occur withinlBomogeneousloud.
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Observations show that is in the rangel.5...2 (Kramer et al.
1998). The total mass of the clumps is given by
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which for observational data is fully determined by the results
of the clump decomposition algorithm (cf. Kramer ef al. 1998).

To convert Eq[{R) into a clumgizespectrum using pixel
AN dN dM 20
A il B) _ 15
dL  dM dL X 10
we assume a clump mass/size relation of the form =5
0
dm

M = cL” = — = yel7! 6 20

¢ dL e ©) _ 15

X
with L the linear extension (diameter) of aclump. Wetyise 3 — '©
and accordingly: = %w (n). This is the simplest choice and o
describes mass/size relation of a homogeneous spherical clump
with mean densityn). We should caution that in the context |
of fractal media other mass/size relations are conceivable, eqg. 10
where the clump column density, rather than the volume den- -
sity, is fixed on average leading to= 2 (Stutzki et al[ 1998). 0
Observations of some clouds seemto suggestvaluesinbetween, -8 -4 0 4 8-8 -4 0 4 8-8 —4 0 4 8
like y=2.3 (cf. Heithausen et al. 1998). v [km/s] v [km/s] v [km/s]
Inserting Eqs[(2) and(6) in E4J(5) we can write Fig. 1. Typical results of the clumpy cloud model. The upper panel

AN shows a 7% 75 pixel map of integratet? CO J=2-1 line intensity. The
i AyeM = - L7 = Ayelmop=(e=r=1, (7) ground panel gives an impression of the calculated line profiles at a

position located near (60,50).

Our model cloud consists of a large humbe20 000) of
clumps with a size spectrum given by Hd. (7), which are dis-
tributed at randomly chosen positions in a cube. The total prepresents the telescope beam while observing at this speci-
jected area of the ensemble towards one side of the cube (tbd position. The total beam averaged brightness for each such
direction to the “observer”) corresponds to the cloud size. Tipesition is obtained by solving the radiative transfer equation
clumps have Gaussian distributed velocity components alaadgng this I.0.s. through the clump distribution, where the single
the observer’s l.o.s.. A background consisting of many vegump intensities are taken from the PDR model calculations.
small clumps (with radii typically 1/100 of the telescope bears long as the clumps are smaller than the beam the filling
radius) is added to this distribution. Because these clumps tetor of a single spherical clump scak&s(rdump/rbeam)2.
far below the resolution limit and there are a lot of them at eaétor clumps larger than the beam the area filling factor is unity.
observational position, their contribution to the total intensitlyig. (1) shows typical results of our simulation. From the cal-
can be interpreted as that of a nearly homogeneous intercluoofated brightness temperatures the ‘formal’ column densities
medium which is an usual assumption in more sophisticatace derived using Egs. 1 and 2 from White & Sandell (1995).
PDR models (eg. Meixner & Tielens 1993kter et al_2000). After this ‘N(C'®Q)’ is formally converted to4,’ and for each
The consideration of this interclump medium gives a slightlyo.s. the resulting ratio ‘N¢CO)/N(C'30)’ is plotted against
better fit to the observational data without changing the resthiis ‘A, ’-value.
of our model qualitatively. The side of the cube oriented to- The reproduction of the observational trend of an apparent
ward the observer is now divided into segments, each of whithCO/C'8O fractionation at low €3O brightnesses by this pro-
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S140 Orion Bar
(observational data from Minchin et al., A&A 301) (observational data from White & Sandell, A&A 299)
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Fig. 2.Comparison of the results derived from the isotopomeric brighEig. 3. Same as Fig. 1, but for the Orion Bar data published by White
ness temperatures of a clumpy PDR model with power law clump ma&$Sandell (1995).
spectrum and the observational data of S140 published by Minchin et
al. (1995).
In Fig[3 the corresponding result for the Orion Bar PDR

is presented. The radiation field used in this model is stronger
cedure is due to the fact, that towards some lines of sight the tqtal= 10°) and the clump density is highef) = 10° cm—3)
emission is dominated by a few of the biggest clumps, while @fan in the case of the S140 model. Because there is no em-
other positions only smaller clumps with smaller filling factorgirical estimation of the clump mass spectrum exponent in the
fall into the beam. Orion Bar, we use the value = 1.72 deduced by Kramer et al.

If the beam contains only small clumps, this leads to higt998) for typical massive star forming regions, e.g. Orion B.
‘N(13CO)/N(C'®O)’ values, coinciding with low column den-The best fit to the observations is obtained by choosing the .0.s.
sity ‘N(C'®0)’ (and formally derived‘A.’). In contrast, the extension of the Bar to be 1.2 pc, which is twice as deep as in
‘N(13CO)/N(C'®O) ratio is small, if the beam is filled also bythe geometrical model of Hogerheijde et al. (1995). From this
a few large clumps, from which formally high,’ values are value, the visible extension of the Bar and a mean gas density of
achieved.In this model the geometrical configuration of thén) = 10° cm~? a total mass of 250/, is obtained. We men-
source, may it be edge on or face on, does not change the regidtr that by the clumpy model not only the general trend, but
ing correlation between the isotopomeric column density ratitso the statistics of the observational data (many positions with
and the resulting ‘A’-value. low ratios, only few with high ratios) is reproduced. As in the

case of the S140 simulation, the observational data would cover
4. Comparison with observations a larger ‘A,’ range, if also the results of the adjacent OMC1

‘ cloud were shown (cf. Fig. 7a of White & Sandell 1995).

For our modelling of the S140 PDR we assume the clumps to
have a mean hydrogen particle density:ef = 10° cm=3. The
model FUV field is set toy = 150 times the mean interstellar
radiation field. The parameters needed to calculate the clulie summarize our results as follows:
size spectrum aré/;,; = 840 M¢), My, = 160 My, and 1. The interpretation of the N{CO)/N(C'®O) correlation
«a = 1.65 (Kramer et al._1998). The clump ensemble covers avith the l.0.s. column density in terms of plane parallel PDR
area of 1.2 pt and the telescope beam is taken as®1pc2, model results, i.e. the variation of the isotopomeric brightness
which corresponds to a resolution of{the JCMT beam at temperatures with increasing distance from the UV-source, is
345 GHz) and a source distance of 910 pc. [Hig. 2 shows theonsistent with the geometric configuration of the observed
result for the S140 PDR. The fractionation effect at loty*, edge on PDRs.
that means low N(€0), values is obvious and very similarto 2. Due to the depth dependent fractionation and the tem-
the observed one. Like the model results shown the trend of fferature gradient in spherical PDRs the observed trend of
observational data is also continued to high&y‘values, ifthe *CO/C'®0 brightnesses can be reproduced by an ensemble of
data of the outflow region are taken into account (cf. Fig. 5 different sized clumps with a power law clump mass spectrum
Minchin et al[1995). (@) and a power law clump size relatidn (6). A IGACO/C'*O

5. Summary and conclusion
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ratio is obtained towards lines of sight including a few largdogerheijde M.R., Jansen D.J., Van Dishoeck E.F., 1995, A&A 294,

clumps; lines of sight with small total column densities, i.e. 792

only many small clumps, show a large ratio. Koster B., Strzer H., Stutzki J., Sternberg A., 1994, A&A 284, 545
3. Comparison with the observational data for the Oridfoster B., Sbrzer H., Stutzki J., 2000, accepted by A&A

Bar PDR and the S140 region demonstrates, that a clumpy PISgMer C., Stutzki J., Bhrig R., Corneliussen U., 1998, A&A 329,

model can reproduce the observations in a quantitative manner. 249

- . . . Lada C.J., Lada E.A., Clemens D.P., Bally J., 1994, ApJ 429, 694
3 18 ’ ’ ’ ’ ’ ’
4. By the fact that thé”CO/C'"O intensity ratio in PDRs Langer W.D., Graedel T.E., Frerking M.A., Armentrout P.B., 1983,

can change by nearly an order of magnitude we conclude, thatin ApJ 277, 581
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