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Chapter I11

“ASTRONOMY
" AND
ASTROPHYSICS

A Model for the Formaldehyde Maser near NGC 7538-IRS 1

W. Boland and T. de Jong

Astronomical Institute, Roetersstraat 15, 1018 W B Amsierdam, The Meiherlands

Received Oeloher 6, accepted November 25, 1980

Sommary. It is shown that the population of the 1,41, transtion
of Formaidehyde can be inverted by the free-ree radio continuum
radiation of a nearby compact H 1t region. The Hu region must
be very compact with emission measures of 10*-10' cm™® pe
so that it is optically thick at cm wavelengths but still optically
thin ai millimeter wavelengths. A detailed model of the compact
Hu region NGC 7538-IRS 1 and its surrounding cloud is
constructed to explain the observed 1,5~1,, brightness temper-
atures of about 10° K. The masing gas is in front of the H 1t region
so that it amplifies the radio continuum radiation. To allow suf-
ficiently rapid radiative pumping min line photons must be able to
escape from the cloud which requires a large velocity gradient in
the gas. To create sulficient amplification molecules must be lined
up in velocity over long pathlengths. Consisient with observations
of CO, OH, and H110« lines we assume that WGC 7538~IRS 1
moves towards us through {or expands into) 8 molecular cloud
with a velocity ¥ =10 km s ! and that the molecular gas in front
of it is pushed sideways creating velocity gradienis of ~ V/R,
perpendicular to the line of sight and coherent pathiengths of ~ Ry,
along the line of sight. With these assumptions an amplification
factor of ~100 required o explain the observed brighiness
temperatures can be achieved ifn(H,)~ 10" em ™, T, = 20K, and
X(HyCO)Y=8 10~7. We show that those Formaldehyde abundan-
ces can be oblained in dark clouds. Qur model also explains the
observed maser spot sizes. The fact thai the maser is saturated
explains why both observed maser spots have about equal
intensities.

Key words: Formaldehyde maser - compact Hu region - molec-
uiar clouds

1. Introduction

Using the Westerbork Radio Synthesis Telescope at & cm Forster
et al. (1980) observed two emission lines of the 1,,~1,, transition
of Fermaldehyde {H,CO) at radial velocities of — 57.6 and —59.8
km s™' near the ultracompact H 1 region and infrared source
NGC 7538-[RS 1. They found that the emission was spatially
unresolved (source size < 4”) corresponding to a lower limit 1o
the brightness temperature of the ¢mission of 800 K.

More recently using the Very Large Array Rols et al. (1980)
have resolved the source into two spots seperated by about 071,
The emission spots have angular sizes smaller than 0715 cor-
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responding to linear dimensions of ~8 10" et (ol o distance of
35 kpe) and implylng lower limits to (he brightness temperatures
of ~ 5 10° K. The small source sizes and ihe extremely high bright.
ness temperatures sirongly suggest a maser iniecpretation fof the
6 cm H,CO eoussion near NGC 7538-1RS 1.

In the direction of many dark clouds the 6 o line of H,CO is
obscrved in absorption against the 2.7 K cosmic background
radiation (Minn and Greenberg, 1973; Dieter, 1973 This
anomialous absorption is best explained by a collisivaal pump
model originally suggesied by Townes and Cheung (1969) and
later confirmed by accurate numerical caleulations of H-H,CO
eross sections by Garrison el al. (1975). Since the circumstances
in the molecular cloud in which NGC 7538-1RS 1 is embedded
are presumably not very different from those in dark clouds the
anomalovs emission in the 6 em H,CO line will not e casily
explained by collisional pumping

Led by the lact that the level population of the H;CO0 molecule
is exiremely sensilive 1o deviations fram blackbody radiatien at
millimeter wavelengths (Thaddeus, 1972) and in view of the
proximity of the uwltra-compact Hu region we propose in this
paper that the HyCO maser near NGC 7538-IRS 1 is pumped
by the free-free continuwum radiation of the H o region.

2. The Radiative Transfer Problem

We consider Formaldehyde molecules in 8 molecular Hydrogen
cloud in the presence of a strong radio continuum radistion field
To find the H;CQO level populations we solve the equations of
radiative transfer assuming that the thermal velocilies of the
molecules are much smaller than the large scale velocities in the
cloud (ef. de Jong &1 al., 1975 and references therein),

Let n;(r) be ithe density of molecules in level i at distance ¢ from
the centre of a spherical cloud. In statistical equilibrium we have

L Pw=m 2 by ()
4 s -
where

Pa= A (Ball+ Hd v D)4 C k)
‘ 2
= A (ByH+ Dy % +Co U<k}
i
The trapsition probabilities Py are expressed in terms of the
spontancous radiative transition probability A, the collision
induced transition probabilities )y and the net radiative transition
rates 1,4, where fi, is the so called escape probability (cf. de
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Table 1. Freguencies and spontaneous emission rates of rotational
trapsitions in ortho-H,CO

Transition v, (GHz) A, (s™")

[ I 443 3,59 1470
2-114 140.84 5.3410°*
25110 150.50 6521077
2-243 14.49 1231070
33-22 211.23 229 167%
3,572, 225.73 279 107¢
3303 28.98 1.29107°
4,4-3)5 281.53 593 107¢
4,,~3,, 300,44 7.24 107
44y, 48.28 1591077
5=, 1557 1.251072
5y0=dys 379.83 1.52107°°
Spa=5us 7241 8.09 10"
[T 423.5 2971072
[ 4525 2.65107%
[ C101.4 1.59 1079
756 494.0 3.51 1973
T16bys 5216 4281072
Ti6=T49 135.0 2821078

Jong et al., 1975)

1 g 1 -Bxpi—:,l(r it N
Balr) 3 ]' ﬂjn(f:.u)dl‘— BT dy. {3
The optical depth

Bdy 7 Bi 4
== —a,ﬁwm( K “
is defined along a direction which makes an angle arc cos (u)
with the radius vettor. The parameter a is related to the gradient
of the large scale velocily field in the gas
_r_du(r)

= .
“ v(ry dr

(5)

The quantities M, and D,(r) are the socalled photon
oceupation numbers of the Jk line (Elitzur et al, 1976) of the
blackbody background radiation field (T,,=2.7 K)

fe -t .
Y T (. 1
and of the free-free continuum radiation field
s g %, (lg i
Dj.(r% mp( i ) L Wiy 4}
T Nk T,
]

win=t |

A = iR g2

where
Blr, @) du (8}

is a factor with which the continuum radiation field sl distance r
from the centre of the Hu region (r> Ry, is diluted. If the con-
tinuum radiation is not absorbed in the surrounding newtral gas
{fi=1) W{r) reduces to the usual geometrical dilution factor.
The free-free continuum optical depth of an M n region with
electron temperature T, = 10* K may be written {cf. Spitzer, 1978)

()= L) {1 +0.311 log (4)} 9)
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where A and i, are expressed in cm. The wavelength i, where the
Hu region becomes optically whick equals

Ag=6.3510° £.% em (10
where
E.=4/3n'R, 1)

is the emission measure of a spherical H 1 region.

The sponianecus radiative {ransition probabilities between the
lowest 14 rotational levels of ortho-Formaldehyde, listed in
Table 1, are calculated from the relation

A,-u= zm F‘ sh (12)
where the wavenumbers £y of the lower transitions are iaken
from measurements of Nerf (1972) and Winnewisser et al. (1974)
and of the higher transitions fromy Townes and Schawlow (1935).
The matrix clemenis (,u“/_u)‘ are interpolaied from tables of
Schwendemann and Lawrie (1958) for an asymmetry lactor
k= —0.961 using a dipole moment of j = 2.34 Debye {Townes and
Schawlow, 1955). Hyperfine slitting of the rotational levels of
H,CO is neglected throughout our calculations.

The Hy~H,CO collision rates are taken from Green et al. (1978)
but multiplied by a factor 1.57 to correct for the difference in
reduced mass of H, and He using a 80% H;~20%, He gas mixture.

3. Pump Mechanism

To illustrate the pump mechanism we approximale ortho-H,CO
by its four lowest rotational levels. Since we shall argue that the
H,CO maser is radiatively pumped by the radio continuum
radiation of the H it region we consider only radiative transitions.
Solving the equations of statistical equilibrium for this system we
find

ny_pPy + PP by - 13)
ny pPy+ PaaPyy Py

where pi= Py (P + Py3)+ Pio Py, and the transition rates P are
defined by Eq. (2) (with C;=0). From Eq. (13) we derive the
following condition for population inversion in the groundstate
doublet

Praler Py~
Faoy Py

q(ﬂ+P!lip!l) 14
Prtyq Uy

where ¢ = Py~ Py =f,, 45, . For illustrative purposes we further
assurne that all lines are optically thin (8= 1) and that the 2.7 K
background radiation field can be neglected (M= D0)s0 that Eq. (2}
reduce o

Pa= A1 Dy) >k
-—-AI,D,,g—‘ J<k
L]

The only free parameters in Egs. (14) and (15) are the wavelength
g where the H nregion becomes optically thick and the geomerrical
dilution factor W (fi;==1} which depends on the distance of the
masing gas Lo the H 1l region. Inserting molecular parameters (see
Table 2) one easily verifies that Py, » g and Py, » g(1+ Py, /Py, ) for
2o 10" cm and Wz 0.1 50 that the population inversion condition
may be written

Fy

— > i 16
E,E, {e
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Fig. 1. Population ratios in the ground state doublet levels of 4-
{evel ortho-Formaldehyde molecules near an Hil region as a
function of the radio continuum spectrum (A, is the wavelength
where the Hl region becomes oplically thick) and the distance
to the H 11 region (W =0.3 corresponds to r= Ry and W=0.1 (o
=5 Ry). Collisions and radiation trapping are neglected

Table 2. Parameters for NGC 7538 - IRS 1
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Fig. 2. Population ratios i the J=1 and J=2 doublet levels of
14-level ontho-Formaldehyde molecules near an Hu region as a
function of the radio continuum specirum, Curves (1)-{3) are for
the 1,41, transition without collisions and radiation trapping
(curve 1), with collisions but no radiation trapping {curve 2), with
collisions and radiation lrapping included (curve 3), Curve 4 gives
the population ratio in the 2,y -+2,, tramsition for the case tha
collisions and radiation trapping sre included. The parameters
adopted for this calculation are given in the text

References

Electron temperature
Total angular area
Emission measure
Distance

Radius

Mean electron density
Turn-over wavelength

T,=10° K

AL =067 arc §*
E, =610 cm % pc
4= 3.5 kpe

R, =2.4 10" cm
n,=210% cm -3
Ap=2Tcm

Harris and Scout {1976}
Harris and Scott (1976)
Israel et al. (1973}

F= 17}

i D, an
is the ratio of the downward to the upward radiative transition
rates between levels [ and j. I spontaneous radiative transitions
dominate £;>1 and if induced radiative transitions dominate
F~1. Condition {16} has a simple physical explanation. Popu-
lation inversion of the ground state J=1 doublet of H,CO occurs
if the free-free continuum radiation field induces relatively more
downward transitions from level 4 1o Jevel 2 than from level 3 to

level 1 (K4 > £, ) while ihe populations of levels 4 and 3 are kept
approximately equal by rapid radiative exchange (F, > 1) This i
numerically iltustrated in Fig. 1 where my/ny is plotted against 4,
for two values of W, For #=10.5 the masing gas is situaled at the
boundary Ry, of the H 1 region, for B/=0.1 the inversion layer is
located al a distance 5/3 Ry, Trom (he centre of the Hu region. If
W=10.5 inversion vccurs for $ mm $4y% 50 cm and if #=10.1 for
2 mm 54, $20 cm. From this illusirative example we conclude
that the J=1 doublet of H,CO can be inverted by the free-lree
radio continuum cadiation of an Hu region if it is very compaci
with emission measures in the range 10°~{0'° em ~* pe.
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Fig. 3. Schematic picture of our model of the compact H 1t region
NGC 7538-1RS 1 and its surrounding molecular cloud
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Flg. 4. The relative population inversion of the ground state
doublet levels of ortho-Formaldehyde as a function of distance
from the centre of NGC 7538~1RS 1 for different Formaldehyde
abundances. The molecular gas has a density a(H,)=10% cm™*
wnd a temperature 7, =20 K

In Fig. 2 we shew the results of @ more realistic calculation
where we have included 14 levels of ortho-H,CO and where the
effects of collisions with H, molecules and of radiation trapping
are also taken into account, The parameters characierizing this
caleulation are chosen as foliows: a dilution factor W=0.5, a H,
density n(H,)=13 10* cm >, a gas kinetic temperature 7,=20 K,
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4 Formaldehyde abundance x{(HCQ)=n(H,CO¥n(H;)=4 10"
and a velocily gradient dv/dr= 1280 km s ¥ pe ™ [2= 0, see Eq. {5))
corresponding to ihe observed line separation over the distance
between the two maser spots.

From a comparison of Figs. 1 and 2 (curve 1) it is clear that
including more Formaldehyde levels increases the population
inversion of the ground state doublet and shifts the maximum
inversion towards smaller values of 4, (morecompact H 1 regions).
Both effects are caused by the contribuiions to the pumping of the
higher mm transitions in the H,CO ladder. Including the effect of
H, collisions narrows the range of A, where population inversion
oceurs(curve 2). Takingin addition radiation trapping into account
somewhat reduces the population inversion (curve 3). b also
follows from Fig. 2 that for iy <3 em both the 1,,-1,, transition
(curve 3) and the 2;,~2,, transition (curve 4) are inveried whle for
3em<i; 10 cm only the 1,1, transition is inverted.

4. A Model for the Formaldehyde Maser near MGC 7538

We suppose that the H,CO maser near NGC 7538 is located in
dense cold molecular gas and that it is pumped by the free-free
continuum radiation field of the compact H 1 region NGC 7538
IRS 1. Assuming spherical geometry one finds from its observed
radio specirum the physical parameters listed in Table 2. The
free-free comtinuum optical depth becomes wnity at Jp=2.7 cm
(£.,=6 10° em ~° pc) so that we expect our radio continuum pump
mechanism to operate (see Fig. 2).

The observed similarity of the 1720 MUz OH emission
spectrum and the H,CO emission spectrum suggesis that both
masers originate in the same gas cloud (cf” Forster et al., 1980).
According to Elitzur (1976) the 1720 MHz maser is collision-
dominated and it is most efficiently pumped for molecular Hydro-
gendensities in the range 10*-10° cm ~* and gas temperaturesin the
range 1 5-200 K. This and the fact that the lowest rotational tevels
of H,CO thermalize at densities n(H,)2 3 10° cm~? suggest that
both masers are located in.a molecular cloud outside the thin dense
shell of comipressed gas.at the interface of the H 1 region and the
molecular cloud (Mathews and O'Deil, 1969). Because this shell
is very thin (~0.01 R,,) and transparent io radio continuum
radiation its presence is neglected in our model. The far-infrared
radiation field generated in the shell and in the melecular cloud
surrounding NGC 7538-1RS 1 (Willner, 1976; Werner et al,
1979) is also neglected because the free-free radio continuum
radiation field dominates at all wavelengths of interest.

The H 1t region is optically thick at both 6 cm and at 18 cm so
that the H,CO and the OH lines must originate in malecular gas
in front of the H 1l region and the observed high brightness temper-
atures are due to ampiification of the radio continuum radiation
of the Hu region.

A comparison of the radial velocities of the H110a recom-
bination line (- 66+ 5 km s ™', Forster et al., 19809, of the H,CO
wiaser lines (~ 57.6 and ~ 59.8 km 5", Forster et al., 1980} and
of several other molecular lines ( ~ — 57 km 87", CO observed by
Wilson et al., 1974 and HCN, CN, HCO*, and W,H* by Turner
and Thaddeus, 1977) indicates that NGC 7538-IRS 1 is moving
through the molecular cloud with a velocity of about 10 km s ¢
towards us.

Led by the observations discussed above we assume that the
compact H it region NGC 7538-IRS 1 moves through or expands
into a malecular cloud with a velocity ¥~10kms™', We further
assume that it moves towards us and thai the molecular gas in
front of the H 11 region is pushed sideways. The velocity field in the
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Fig. 5. Same as Fig. 4 for n({H;)=3 10" cm ™~

gas may then be approximated by

(18)

where p is the cosine ol the angle between line element o and the
line of sight. An attempt to.give a pictorial representation of our
model is shown in Fig. 3. The velocity gradient is zero (coherence)
along the line of sight {u = 1) and is maximal { ¥/ R;;) perpendicular
to the line of sight {g=0) in the direction in which the molecular
aas is streaming away. The fact that the lecal approximation that
we have used 1o solve the radiative transfer (ef. Seet. 2) breaks
down in the radial direction does not invalidate our resulis

because the solid angle over which V(I — p?) S, is small {~ 0.1 -

steradian), much smaller than the solid angle subtended by the
H u region (cf. de Jong et al., 1975},

We have solved the line transfer problem for 14-level ortho-
H,CO molecules as outlined in Sect. 2 by putting r= R, v(r)= ¥
and g =1 in Eq. (4). In Fig. 4 we present the variation of the relative
population inversion

1= g2/81 — my)fn (H,CO)

with distance r from the centre of the H u region for several values
of the HyCO abundance x (H,COy=n(H,CO)n(H,). The results
are obtained for n{H,)=10" cm ~* and T, =20 K. using the param-
eters of NGC 7538-1RS 1 listed in Table 2 1o characterize the
continuum radiation field. The relative population inversion
decreases with increasing distance because the radio contingum
pumping becomes less efficient. 1t decreases with increasing H,CO
abundance because optical depth effects in the millimeter lines
reduce the pump rate. Figure 5 illustrates the effects of thermal-
ization by collisions. It shows the results for the same parameters
but for a molecular Hydrogen density n(Hy)=310° cm™3,
Compared with Fig. 4 the population inversion and the thickness
of the inversion layer are both smaller by about a factor 2.

The brightness temperature of the H,CO line can be calculated
from

19y

Ty = Tiexp (~ 1) =1} (20

where 7, =10* K is the brightness wemperature of the radie
continuum radiation of the H 0 region and
Al

s

v=3.4 107% §a(,00) {24

is the 6 cm H,CO line optical depth [see Eq. (4)]. In £
the relative population difference [Eq. (19)] average
thickness of the inversion layer AV and F,=01 km 577 is Uhe
Thermal veloity of HyCO molecules. To reproduie the observed
brightness temperatures in the H,CO mager lines of ~ 10° K 3 line
optical depth © = — 5 is required. According to Fig. 4 this can be
achieved for n(H,)=10* e *? where we find ij2 0,006 and 4f
=12 Ry, il x{H,C0Oy=8 107",

Toshow that this Formaldehyde abundance can be obirined in
dense dark clouds we now derive an analytie expression for (he
H,C0 abundance from a discussion of its chemical formation and
destruction processes. For more details of dark cloud chemistry

the reader is referred to the paper by de Jong et at. {1980},

The formation of H,CQ is initiated by the radiative association
reaction
C* 4 Hy- CHy +hv ()

leading to CHy alter collisions with H,. Al large densitigs
a(H;) 2 10* cm %) CH;' is removed from the gas by

CHy 4 H,— CHY +hw (&)
rather than by recombination, CHy is predominanly desiroyed
by dissociative recombination leading to CH, and CH, upon
recombination. CHy is destroyed by collisions with C* snd Hy
and by the reaction

CH, +0-H,CO + H.

We assume that Formaldehyde is predominantly rimoved (rom
the gas by collisions with HCO™, H', and C* . A1 large densitics
and for 4,22 the formation of C* is initiated by cosmic ray
ionization of Ile atoms lollowed by the reaction

He' $CO=CY 4+ 04 He {d)

and the C* ions are mainly desiroyed by reaction {a) as long as
o, > 11077 a(Qy un(H;).

From our models of molecular clouds {de Jong ¢t al., 1980)
we found that in denge dark clouds ali Hydrogen is in H,, that
all Carbon is in the form of CO and that approximately 1/3 of
the remaining Oxygen aloms are in the form of stomic Oxygen and
2/3 in the form of O, . Assuming that électrons are predofminantly
produced by cosmic ray ionization of molecular Hydrogen and
removed from the gas by dissociative recombination with
molecular ions like HCO * and H; one finds

- in-d r: 12 ﬂ(]H:] 12 .
e)=1.6 10 (510"“35"') (Hf cm™? e

Y

%

)

22)

for a gas wemperature of T=20 K where { is the cosmic ray
ionization rate of Hy. Using a H,CO destruction rate due to
collisions with molecular jons of 2 107 m(eYs~ ! we finally obtain
the jollowing expression for the Formaldehyde abundance

f’_(lﬁ@_ . [ “(IO“ em -\ -
ity o0 (510 PRl B R a»

where we have assiumed that CH; is predominantly destroyed by
reaction {c). This 15 the case as long as Carbon dnd Oxygen are
not more depleted than abeut a factor 100 compared to Lheir
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cosmical abundances. For our chemical scheme o work we need
a reaction rate coelficient of reaction (a): k, 2 510" em? ™! in
good agreement with 4 theoretical caleulation of Herbst et al.
(1971,

Sofar we have neglected photodesiruction of Formaldehyde.
Hecause the extinction in the compressed shell between the shock
front and the ionization frant around the compacl H# region is
quite large the LV radiation of the O star exciting NGC 7538
IRS 1 is completely absorbed in the shell (Willner, 1976). The O7
star exciting the optical nebula NGC 7538 (cf. Isracel et al., 1973)
at & projecied distance of about 4 pe from NGC 7538-{RS 1 is
another possible source of UY radiation. From Kurucz (1979) we
cstimate that the radiation field of an Q7 star with a radius of
10 Rg st 4 pe distance is about 300 1imes as intense as the average
imersteflar radiation field ar 1300 A (Habing, 1968} For photo-
destruction to be negligible (less than 10743 ™1)

') we require that
the maser is formed at depth 4, 2 10 into the molecular cloud (cf.
de Jong et al., 1980) )

Weconclude that our model éan explain the maser amplification
required to reproduce the observed brightness temperatures. Our
model predicts a maser spot side with typical dimensions
~2 Ry arc cos {(1 —uf Pl 5 10" cm consistent with the
observed upper limit. From our calculations we further find that
the induced ¢mission raje in the maser transition 1s approximately
equal to the rate of population exchange in the millimeter lines so
that the maser is close to saturation. This explains why both maser
features have about the same intensity. Our model does not account
for the facl that there are two maser spots separated by about 01
(5 10'% cm) in position and by about 2 Kt s~ in velocity. Special
circumstances presumably due o gas dynamical effects (Auctu-
ations in the gas density and/or the velocity field) are required to
explain these facts.

Our model can also be used Lo predict a brightness temperature
of the 2,,-2,, line of formaldehyde. From our numerical results
we obtain an optical depth in thal line of ~ — 1 so that we predici
a brightness temperature of ~2 10 K consistent with the upper
limit of 510* K that can be derived from the H,CO 2 cm line
observalions of NGC 7538-IRS } by Evans et al. (1975) for a
source size of 01

Aeknowledgements. We would like to thank Dr. J. R. Foster and
Dr. W. M, Goss for communicating their resulis prior to publica-
cation and lor several enlightening discussions. The research of
W, B. is supported by the Netherlands Foundation for Astronomi-
cal Research (ASTRON) with financial aid from the Netherlands
Organizaiion for the Advancement of Pure Research.

98

References

de Jong, T., Chu, §.[., Dalgarno, A : 1975, Astrophys. J. 199, 59

de Jong, T., Dalgarno, A, Boland, W.: 1980, Axtron. Asiraphys
91, 68

Digter, NLH. : 1973, Asirophys, J, 183, 449

Elitzur, M.: 1976, Astrophys. J 203, 124

Elitzur, M., Goldreich, P., Scoville, N.: 1976, dstrophys. J. 208, 384

Ewvans, N.J., Zuckerman, B, Morris, G., Sato, T.: 1975, dstrophys.
J. 196, 433

Forster, J.R., Goss, W.M., Wilson, T.L.. Downes,D., Dickel, H,
R.: 1980, Astron. Astrophys. 84, L1

Garrison, B.J., Lester, W.A., Miller, W.H,, Green, S.: 1975, Asiro.
phys. J. Letters 200, L 175

Green, 5., Garmison, B.L, Lester, W.A., Miller, W.H.: 1978, Asiro-
phys. J. Suppl. Ser. 37,321

Habing, H. 1. : 1968, Astron, Inst. Neth. 19, 421

Harris, S., Scott, P.F.: 1976, Monthly Notices Roy. Astron. Soc.
175,171

Herbst, E., Schubert, J.G., Certain, P.R.: 1977, Astrophys. J. 213,
696

Israel, F.P., Habing, H.J., de Jong, T.: 1973, dstron. Astraphys. ¥7,
143

Kurucz, B.L.: 1979, dsirophys. J. Suppl. Ser. 40, 1

Mathews, W.G., O’Dell, C.R, : 1969, Amn. Rev. Astron. Astrophys,
7,67

Minn, Y K., Greenberg, 5. M.: 1973, Astron. Astrophys. 22, 13

Nerf, R.B.: 1972, Astrophys. J. 174, 467

Rots, A.H., Dickel, H.R., Forster,J.R., Goss, W.M.: 1980 (in
preparation)

Spitzer,L.: 1978, Physical processes in the interstellar medium,
Wiley, New York

Schwendemann, R H., Laurie, V.W.: 1958, Tables of line strength
for rotational tramsitions of asymmetric rotor molecules,
Pergamon Press, Mew York :

Thaddeus, P.: 1972, Astrophys. J. 173, 317

Townes, C.H., Cheung, A.C.: 1969, Astrophys. J. Letters 157, L 103

Townes, C.H., Schawlow, A.L.: 1955, Microwave Spectroscopy,
McGraw-Hill, New York

Turner, B.E., Thaddeus, P.: 1977, Astrophys. J. 211, 755

Werner, MW, Becklin, E.E., Gatley, ., Mathews, K., Meugebauer,
G, Wynn-Williams, C.G.: 1979, Monthly Notices Roy. Asiron.
Soc. 188, 463

Wilson, W.J., Schwartz.P.R., Epstein,E.E., Johnson, W.A., Et-
cheverry, R.D., Moti, T.T., Berry,G.G., Dyson, H.B.: 1974,
Astrophys, J. 19%, 357

Winnewisser,(G., Mezger, P.(G., Breuer, H.D.: 1974, Topics in
current chemistry, Vol. 44, Springer, Berlin, Heidelberg, New
York ‘



