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ABSTRACT

The physical properties of the galactic and extragalactic photodissociation regions,
warm gas components molecular clouds are, generally, derived through the far-infrared
(FIR) fine structure and submillimeter line emissions arising out of these regions. In
the theoretical studies of these lines the model of Tielens and HoUenbach (herein after
referred as TH) are usually employed in which all the opacity is assumed local in escape
probability formalism and inward directed photons do not escape. These assumptions are
contrary to the observational facts, where most of the lines are found optically thin except
OI(63/im) and low rotational transitions of CO and some other molecules. The optically
thin medium will allow the radiation to escape through any face of the region. These
observational evidences led us to assume finite parallel plane slab, instead of semi-infinite
parallel siab, in which the photons are allowed to escape from both the surfaces (back
and front).

In the present study an attempt has been made to incorporate the two sided escape of
photons from the PDRs and to study its effect on the FIR and submillimeter line emission
from the PDRs/motecular clouds. Further the present formalism is also employed to
study the clumpy PDRs/molecular clouds. The preliminary results show that no serious
consequences are found on the thermal and chernica! structure of the regions but individual
line emissions are modified by differing factors. Particularly at low density and low kinetic
temperture the change is substantial but at density greater than the critical density of the
line and temperature close to the excitation temperature its effect is almost negligible. An
attempt has also been made to study the physical conditions of the M17 region employing
the present formalism.

MIRAMARE - TRIESTE

December 1993

'Permanent address: Aligarh Muslim University, Aligarh 202002, India.

1 Introduction

Recently the physical properties of the PDRs , warm gas components and molecular clouds
in the galactjc and extragalactic medium are determined through a series of observations
in the FIR and submillimeter line emissions of CI(370 and 609 /fm), 01(63 and 146 fim),
CII(158^m), SiII(35/jm), FeII(26 fan) and rotational transitions of CO(AJ = 1 up to J=20
levels) and its isotopes as well as luminous infrared continuum emission from dust (Bennet
et al 1993; Boreikoet al. 1990,1991; Burton et al 1990: Castets et al 1990; Chokshi et al
1988; Crawford et al 1985,1986; Ellis and Verner 198- ; Genzel et al 1985; Grafe et al
1988,1993; Harri, et al 1987; Harteretal 1989; HoUenbach and Erickson 1986; HoUenbach
et al 1991; Howe et al 1991; Jaffe et al. 1990: Keene et al 1985; Koepf et al 1982: Lada
1991; Laneetal 1990; Leslie et al 1990; Madden et al 1993; Meixner et al 1992; MHnick et
al 1986; Petuchowski and Bennet 1993; Rainey et al 1987; Russel et al 1980,1981; Stacey
et al 1985; Stutzki et al 1988; Thronson et al 1983; Wolfire et al 1989; Zmuidzinas et al
1986). Theoretical attempts to interpret the observations have been made by (Bennet et
al 1993; Castets et al 1990; Howe et al 1991; Meixner et ai 1992; Meixner and Tielens
1993; Sciama 1993; Stutzki et al 1988; Robert and Pagani 1993; Turber and Goldsmith
1993; Tielens and HoUenbach 1985a.,b and Wolfire et al 1989,1990).

In theoretical studies of PDRs TH model has been used extensively to calculate the
temperature structure of the medium and line intensities of the fine structure transitions
of atoms and ions and rotational transitions of molecules,especially CO. In most of the
interpretations of the line intensities the regions facing to the observer are supposed to
be irradiated by the large flux of FUV radiations( here taken as GO as the multiple of
average interstellar radiation field (Habing 1968)) . Further lines are supposed to escape
only towards the observer which is not true for optically thin medium.

Observational studies show that most of the FIR and submillimeter line emissions of
atoms and molecules are optically thin except OI(63/jm) and few low rotational transi-
tions of CO and other molecules. These observational facts are contrary to the optically
tbick{Semi-infinite slab) assumption of dejong et al (1980) which are employed in TH
model to calculate the escape probability in the photodissociation regions.

In the present study an attempt has been made to incorporate the escape of radiations
from both side of the regions. The cloud is assumed to be finite parallel plane slab.
Radiative transfer is solved in one dimensional approach. The techniques of Averett and
Hummer (1965) has been used. Here we are more interested in the study of range of
validity of the TH model. Since the nature of the investigation is purely investigative
,therefore no attempt has been made to study the variety of PDRs. However, the present
formalism has been employed to study the clumpy region of M'7.

The mathematical formulation of the problem is discussed in / 2. Physical parameters
in ^3 and results of the present apparoachf herein after referred as AQ) are compared
with that of TH and discussed in the §A. The conclusions are summarized in §5.

2 Mathematical Formulation of Problem

Current interest in the problems of photodissociation regions associated with the HII
regions in which radiative transfer plays an important role , where an energy transport by
radiation may determine the structure of the atmosphere, has shown need for methods that



yield the net radiative loss due to transition of some species of atoms,ions and molecules.
For that matter radiative transfer equation in a plane-parallel slab and isotropic source
for distance z normal to the plane of stratification can be written as

(2.1)
where TV ~ /," Ku(z)dz is normal optical thickness measured from the boundary

inwards, A'T(z) is the absorption coeficient for unit distance at point z. Iv{Tu,fj.) = spe-
cific intensity of radiation with frequency v at a point z in a direction of inclination
O(ft — cosi&)) to the normal.<py(x) is the normalized profile function ( in the present case
microturbulent broadening). SW{T^) is the local source function.

In case of an atmosphere with finit optical thickness Ty equation (2.1) reduces to

(2.2)

for 0 <
(2.3)
where /~ and /+ symbolises the intensity towards observer and away from the observer,

/^(0, —ft) and Iy(ry,fi) are the external source radiation at two faces of the cloudffront
face used as 0 and back face as T,,). Herein after these will be used as /^(0) and Iy(Tv).
The equations (2.2 and 2.3) can be combined together (Mihalas 1970) and integration
over /i gives

(2.1)(2.1)
After combining both the limits this is reduced to the following form.

(2.5)
Total intensity averaged o er the width can be written as

The average radiation field Jv can be written in terms of the function l\\ and
defined by Averett and Hummer (1965) as

f" K
JO

- t))Sv(t)di

(2.6)
where

(. )abs(rv -t))dx

The equation (2.6) is the general solution for the local radiation field which can be
used in any condition.

Using the properties of exponential integrals one can write

Jo
- t)dt = 1 - \K-AT,) - \

2 2
Although in reality homogeneous and isothermal cloud do not exist but this assump-

tion will simplify the equation (2.6) as

J,(ry) = P(T,)ICM + P{TU - TV)II(T,,) + SV(T>)(1 - P(TV) - /?(?'„ - TU)

(2.7)
where 0 = ^K2(r,)
This is defined as the probability that a photon emitted at TV will escape the boundary.
As observationally has been found that most of the lines are optically thin therefore

the assumption in TH model that total optical depth Ty being co is contrary to the
observation. If 71 —y oo the equation (2.7) reduced as

(2.8)
This is the expression used by dejong et al (1980) and Tielens and Hollenbach (1985a).

Thus in reality the expression (2.8) should not be employed for the interpretation of the
observed line intensities from the PDRs or diffuse clouds when the lines are optically thin.

3 Physical Parameters and Assumptions

The PDRs/molecular clouds in the TH model are homogeneous,one dimensional semi-
infinit plane parallel slab illuminated on the finite side by FUV radiation in which inward
directed photons can not escape. But it has been observed that mostly FIR and submil-
limeter radiation (line and continuum both) are optically thin hence radiation can escape
at both the ends. To account these facts in one dimensional apparoach the PDRs are
assumed to be finite plane parallel slab and accordingly the mathematical formulations
are made and are discussed in § 2. In order to study the effects of the present formal-
ism clumpsy structure of ML7 region are considered. In the recent past a great deal of
work has been done on M17 by Meixner et al (1992), Boreiko and Betz (1991),Stutzki



et al (1988), Harris et al (1987) , Rainey et al (1987) , Schulz and Krugel (1987) ,
Zmuidzinas et al (1986), Keene et al (1985) and Thronson et al (1983). In order to
study M)7 we are taking the flux GO = 5.6xlO4 times more intense the radiation field
( 1.2xW~4ergscm~2sec~lsr'1) of Habing (1968)). Further density of clump and inter-
clump in which clump is assumed to be embeded are taken as free parameters varied over
a wide range (100 < Ar < 10000000) The turbulent velocities for interclump and clump
are taken as 7.8 and 1.5 ^ .

The ultraviolet flux will be attenuated during the penetration deep into the cloud
because of the dust and also influenced by the absorption by neutral atoms and molecules.
The attenuationof FUV radiation by the dust is propotional to exp{—TU^) where ruu is
the ultraviolet optical depth for (912 < A < 2100/1°). The optical depth parameter
depends upon the extinction coeficient Kv and depth z in the cloud from the boundary
i.e. interface of Hll/ HI and they are related as follows

(3.1)
For the present study we use

(3.2)

= 4.'2xlO~3/V\z(
100,

(Meixner and Tielens 1993; Spitzer 1978).
The depth ?, is in pc , wavelength in angstrom and N is the number density.
The optical depth parameter is very important factor because it has the influence on

the chemical and heat balance inside the medium. F'urther the absorption of radiation
by neutral carbon , CO and Hi has important bearing on the Oil, CI,CO. HI and H2

abundances inside the medium.
Several mechanism of heating have been proposed and discussed in detail by Tielens

and Hollenbach (1985). But it is found that the PDRs are predominantly heated by FUV
fluxes > 912/1" mainly through photoelectric emission from the surface of dust grains.
Deep inside the cloud other mechanism may be important too. The discussion about the
different mechanism is out of scope of the present paper. The symbol for the heating we
use r(ergscm~3sec~1}.

The gas is ,generally, cooled by the hyperfine transition of atoms and ions especialy
CIl(158/im), CI(370 and 609 ftm) , 01(63 and 146 //m), Sill(35 pm) and rotational tran-
sition of CO (AJ = 1 up to J=20), its isotopes and some other molecules. The symbol for
cooling is used as A(ergscm'3sec'1). The cooling is the function of population of differ-
ent levels which enter also through the escape probability. To solve for level population
statistical equilibrium equations are established (bound - bound) for level m and n level
species as

AL(£fl,n ) = £
1=1 1=1

for / =£ m
(3.3)

where Nm is the number density of the species in a level m and P/m is is the number
density of transitions per atom between levels 1 and m per unit volume. The bound -bound
rate coefficients are

P,m = B,mJ» + Clm

for m greater than 1
(3.4}
where v corresponds to the frequency of m 1 transitions Here A and B are the Einstein's

coeffiecients and Cim and Cm\ are the collisional excitation and deexcitation rates.

(3.5)
If we define terms

and GJ as

then
5 ™ , =

GJ
where the symbols have their usual meaning. Tj is the dust optical depth at frequency

v. B(v,T,) is the infrared radiation at the temperature TB.
Although equation (3.5) differs from that of TH but we can recast it into the same

form by defining total escape 0cac as follows.

(3.6)
Thus cooling efficiency will become as

(3.7)
The equation (3.7) and (3.5) differs from that of TH model because of different escape

probability j3€K used here. This factor is very important because it governs the cooling
and also plays an important role in level population for densities less than the critical
density of the line.

As we have seen from the equations (3.5 - 3.7) that level populations are the impor-
tant parameter that govern the cooling as well as line intensities. Of course , the level
population are function of collisional terms but at density lower than the critical density



the radiative term dominates over the collisional. As a result «/„ which is fuction of escape
probability changes the level populations effectively.

In order to calculate the abundances of main coolants (CII,CI,OI,SiII and CO) and
also some other species we have to solve the chemical equilibrium at every point inside the
cloud. For the purpose the chemical equilibrium is assumed to be established. To solve the
chemical equilibrium the required reaction rates are taken from Tielens and Hollenbach
(1985) and Miller et al (1993). The line intensity will depend upon the volume and area
rilling factor of the clump and interclump. These are calculated using the parameters of
Meixner et al (1992), The calculated line intensity is multiplied by area filling factor to
compare the values with the observations.

4 Results and Discussion

In order to study the physical conditions inside the M17 regions a model calculation
has been performed for the region using the present formalism (referred as AQ). For
that purpose density is taken as free parameter while turbulent velocity and flux of the
radiation held are taken from the Meixner et al (1992). These parameters are derived
from the observations. In order to study the effects of the escape of photons from both
side of the plane parallel slab a range of densities (100 < N < 10000000) are considered
but in the figures only up to ihe maximum value of 10000 are taken because in this range
the difference between TH model and the present formalism is substantial.

The temperature of the medium is determined self-consistly by solving the energy
balance, radiative transfer and chemistry as discussed in § 3. Althogh the temperature
structure is not shown here but it is found that temperature increases as density increases
because the grain are less positively charged but increase of flux does not necessarily
increase the temperature of the medium because grain become more and more positively
chaged due to which photo-electron emission efficiency is decreased. In any case , for the
selected parameters, the temperature starts low ~ 50 K and rises to few thousands. This
range of parameters covers almost all the range of excitation temperature of the cooling
species considered here (CII,CI,CO,Sill and CO).

The whole range of results can be understood in terms of the three sets of the pairs of
parameters of the line emitting region and the line emissions itself. The pairs of parameters
are following:

(1) Line optical depth and ultraviolet continuum optical depth of
dust and gas in the region.
(2) Critical density of the line emission and number density of the
line emitting region.
(3) Line excitation temperature and the kinetic temperature of the
line emitting region.
The excitation conditions of the cooling lines are given in the Table 1. It is expected

and found that the line intensity will peak at the point in the region where its excitation
conditions are optimal.

Table

Line
CII
CI
CI
OI
01
Sill
CO(l-O)
(4-3)
(8-7)
(14-13)

X(lim)
158
370
609
63
146
35
2602
651
325
186

2.8(3)
4.7(2)
2.8(3)
4.7(5)
9.5(4)
3.4(5)
1.6(3)
6.7(4)
5(5)
3.2(6)

E^C(K)
92
24
63
228
326
414
5.5
55
200
580

As it is mentioned earlier that ultraviolet optical depth is very important factor because
it detemines penetration of FUV flux inside the region which in turn decides the thermal
structure of the region , the spatial extension of the line emitting region, abundances
of the medium etc. In order to study the FIR and submiilimeter line emissions earlier
attempts were made to calculate the line intensities assuming homogeneous medium. But
the drawbacks of the homogeneous models are that it can not reproduce the spatial extent
of the line and density of the medium together. It is observed that in M17 region the high
excitation lines are generally found to be emitted from the dense region. If the density
considered is sufficiently high then FUV Tadiations cars not penetrate deep inside the
cloud and spatial extent of the line emitting region can not be explained. Observationally
it is found that some of the lines are emitted from the dense clumps. Keeping these facts
into mind Meixner et al (1992) performed the calculation for the clumpy structure of the
medium. Clumpy structure of the region allow the radiation to penetrate deep inside the
cloud through the scattering process. In this study also an attempt has been made to
calculate the line intensities for the clumpy structure using the formalism of Boisse (1990)
for the penetration of FUV radiation in the clump and interclump.

The line intensities of different cooling agents are plotted in the figures (1 - 5) for
different number densities of hydrogen upto a maximum of 10000 and compared with
that of TH model. The calculation for the lage densities are not shown here because
the line intensities calculate by TH model and the present formalism merge together.
Further the densities considered here are representative of the interclump medium. The
line optical depth parameter divides the PDR cooling lines into two groups: (a) Optically
thin lines (CII(158 /im), Cl(609 , 370 /itn), 01(146 fim) , SiII(35 /im) and high rotational
transitions of CO ) and (b) optically thick lines (01(63 fim) and low rotational transitions
of CO).

First we consider the optically thin lines with low excitation conditions(CI 370 and
609 nm). These lines are plotted in figure 2. ft is quite clear from the figure that present
calculation differ with that of TH model calculation. When the density is sufficiently
low the radiation term dominates and lines are influenced very much. But as the density
increases the line intensities calculated by both the formalism are approaching each other
and finally at density greater than critical density will merge together. One important
factor we would like to mention here that variation in the the line intensity that will too
depend upon the FUV radiation which governs the temperature. If the temperature is



sufficiently low then the difference between both the formalism will be maintained even
for a larger densities.

For optically thin and high excitation condition lines the difference between the two
formalism under discussion is found to be by almost an order of magnitude at low density(
fig. 4 and 5) where Sill and high rotational transitions of CO are compared. It is also
found that Sill line and high rotational tansitions of CO differ even at sufficiently high
density because of their high excitation condition. Therefore under such condition TH
model is not appropriate to calculate the line intensities. Fig,5 is for homogeneous cloud
with a density of 100000 and for flux mentioned earlier. In this case too it can be seen
that even at such high density the high rotational transitions intensities differ by an order
of magnitude with that of TH model. The difference for 14-13 transition is narrowed
down for density greater th. i than 10000000. But whole scenario will be changed if
temperatures or FUV flux is varied. These lines are very sensitive to temperature.

CII(158 fim) line is moderate in both the sense (optical depth around unity and
excitation conditions are also neither low nor high). The intensity for the line is plotted
in the figure 1. For low density the difference between the two formalism under discussion
is obvious. Hut at density aroun 100000 or greater the difference is not found to be
substantial. The diffence between the models under discussion may vary with the variation
of FUV radiation.

From the Figures (3,5 and ti), where optically thick lines are plotted , it is clear that
when lines are optically thick no substantial difference is found. In the optically thick
lines the radiation can escape only from one side of the cloud. Therefore the cloud may
be assumed behaving as semi-infinite as assumed by deTong et al(1980) Further if we put
(T»—>oc) in the equation (2.7) this will be reduced to the exactly same form as used by TH.
Therefore, for optically thick lines TH model can be employed safely. If we analyse figures
(3 , 5 and ti) even in terms of optically thick case then we can notice a difference between
OI(G3 jim) and low rotational transitions of CO. For the low rotational transition starting
from the low density both the approaches are yielding same results (figs.5 and6). But
in case of 01(63 pm)(fig. 3) at low density a littlte departure exist because of relatively
high excitation conditions. Therefor, the low rotational transitions in both the conditions
yield the same result even if flux and other parameters of the cloud are changed.

In figures 7 and 8 calculated line intensities are compared with that of the correspond-
ing observed values. The model parameters for the cloud are the following:

Clump density = 6xlO5(em~3) and turbulent velocity =
\.b(Kmscc~l)
Interclump density=4xi03(cm~3) and turbulent
velocity = 7.8( Km&ecr1)
FUV flux G0= 5.6xlO4 in the unit of Habing(1968)
The following observations may be made from these two figures:
(1) The line intensities for the fine structure transitions of
atoms and ions from the interclump are smaller than those of the
corresponding transition from the clumps (fig.7).
(2) The line intensities for fine structure transitions from the
clump agree fairly well with that of the corresponding
line observations except 01(63 fim) (fig. 7).
(3) The contribution to the line intensities from interclump may be
neglected except CII. Interclump intensity of Ctl(158/itn) are

comparable to that of the observations. In case of 01(63
the interclump intensity is low enough than the clump but it comes
out to be close to the observed value.
(4) The Hneintensities for the rotational transitions from the
clump and interclump both are plotted in figure 8 for the levels
up to the J=14(fig. 8). The observed lines intensities are also
plotted in the same figure. In the case of CO molecules too, for the
given range of parameters of the cloud ,the line intensities from the
clump are fairly in good agreement with that of the observations.
(5) The contribution to the line intensities(rotational) from the
interclump are ngligibly small except the first level transition of
CO.
As mentioned earlier that calculated line intensity of 01(63 fim) is higher by an order

of magnitude as compared to that of observation in case of the clump but it is slightly
lower in the case of interclump. If we consider the absorption of 63/Jin line radiations
from the clump inside the interclump then its intensity will be reduced further and may
come close to the observed value. It can be concluded that observed lines 01 are from the
clump because thse are not found in the extended region Meixner et al(1992), Further
01(63 fim} line is found to be peaked with the CII and Sill lines. The contibution to the
line intensity of silicon from the extended region is minimal because of high excitation
conditions. Therefor, these are from the dense clumps. So far as line intensity of CII are
concerned the calculation shows that clump and interclump iine intensities are comparable
therefore these lines may be found in the extended region. It has been observed by Stutzki
et al (1988) that two peaks of CII are almost 1 pc apart. This much extension may not
be explained even from the clumpy structure of the M17 region. As expected CI lines will
not be arising from the interface because carbon will be in the ionized form due to large
FUV flux. The same thing is observed and concluded by Meixner et al (1992). Further
calculation shows that contribution to the line intensity from clump and interclump both
are comparable therefore first transition of CO may be observed from the extended region.
Meixner et al (1992) has shown that CO(7-»6) and C0(2-H) peak together. This also
shows that these radiations are from the clump. Further spatial extended observations of
first transition of CO will give more insight to the clumpy structure of the M17 regions.

5 Conclusion

(1) The escape of photons from both side of the plane parallel slab
does not cause any appreciable change to the temperature structure
(2) In the case of thick lines the TH model can be employed safely.
(3) If the cooling is dominated by the optically thin lines then
radiation escaping towards the observer will be almost half of
that found for the TH model. This is true for the CII lines in
the interclump where it is the main coolant at the interface.
But in the clump other atoms/ions compete with CII.
(4) The line intensity calculated for optically thin lines using
TH model over estimate because of escape of radiation only
towards observer.
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(5) Higher rotational transitions of CO molecules which are optically
thin are modified by an order of magnitude if photons are
considered to escape fron both side of slab. In such cases the
use of present formalism may have consequential effects in
the interpretation of lines. At high density far greater than
the critical where radiative processes have no role to play
the TH model will work fairly well.
(6) The FUV radiation flux too play an important role in the
strength of the FIR and submillimeter line emissions. For high
flux and low density the disagreement between the TH model and
present formalism .ill increase because of low efficiency of
heating.
(7) Most of the lines are originating from the clumps. Theoretically
extended line emissions are passible in the case of CII(158
/mi), C!(370 and 609 /jm) , OI( 63 /im) and
CO(1—>0) emissions. For CI1 and CI lines
these are observed.
(8) The agreement of calculated values and that of the
observations over a wide range of fine structure line emissions
and rotational transitions favour dumpiness in the region
and the densities are ~ 6x 105 and
4x 103 for the clump and interclump regions
respectively.
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Hypefine Line Emissions of CI](158 (mi)
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Fig. 1
C1I(158 |jmj line intensity of 'mtercttimp' vs interctump density (N) for clur 0 density
O/5.6X101
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Hypefine Line Emissions of CI(370 and 609
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Fig. 2
€1(370 and 609fim) /me tntenstiy of 'interctump' vs mteTciutnp density (N} for clump
density o/5,6x10'
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Hypefine Line Emissions of 01(63 and 146 jtm)
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Fig. 3
OI{63 and 146 pm) line intensity of 'interdump' vj interclump density (N) Jor ctumji
density of 5.6x 10̂
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Hypefine Line Emissions of Si 11 (35 fim)

0.001 -

0.0001 -

le-05 -

le-06 -

le-07 -

le-08
1000 10000

Fig. 4
SiII{35/im) line intensity of 'interclump' vs interclitmp density (N) for 'ump density
of 5.6x10*
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Fig. 6
Line inUntity oj Different J (transitions) vs Level J for CO molecule in Homogeneous
PDR of density 105 cm"3 and GO = 5.6x 1O4
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ftm) Metzner et at; Si!!(35tim) Meaner et at
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Fig. 8
Line MtenjiiicJ of transitions (J^rJ — 1) of CO molecule in the :intercluma' and
'clamp' mntinm for their densities o/4xl03 and 6x 101 am! GO = 5.6xlO(

Observed value3:(Refermces} (1^0) Thronson et al I9SS; i :-H) Lada 1991; (.1-+2)
Rainey et at 1987; (4-f3) Schulz and Kragel 1981; (7-*6) Stutzki et al 1988 , (9->8)
Boreiko and Betz 1991; (14-»13) Harris et al 1987
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