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Abstract. By assuming a spherical collapse model and the simultaneous
oxil of density and velocity gradients attempt has been mado to inter-
prel the rotational lines for CO (2 —1 and 1 ~»0) obtained from Orion A
cloud. The bright perature Tz as function of right ascension (R.A.)
and velocity have been considered. A struocture for Orion A has been deter-
mined by us to wnterprel the more recent data for 2 — 1, 1 — 0 transitions
of CO as funclion of R.A. All the calculations have been done using accurate
values of the rate tants for rotational t

transiti in CO induced by
collisions with H,. This structure could also explain the velooity profile for
CO fairly well.

1. Introduction

With the availapility of spectral data from the dense intersteller clouds, work
has recently been started for the determination of the various physical
parametors viz., density, temporaturo, velocity gradient eto. in such clouds.

Model caleulations of the various factors determining the intensity of a
speotral line have been done by Goldsmith (1972), Scoville and Soloman (1974)
and Goldreich and Kwan (1974) and in more detail by De Jong et al (1975).
Clark et al (1974) first attempted to detormine the structure of the innermost
portion of Orion A by using the data for HCN. They, however, used a static
model which is physically unrealistic due to the definite existence of velooity
fields in the cloud. Gerola and Sofia (1975) first attempted to determine the
structure of Orion A cloud on a realistic basis. They considered the spectral
lines for tho rotational transitions 1 — 0 and 2 — 1 for CO (Phillips et al 1973)
and 1 — 0 line for HCN (Snyder and Buhl 1973) The data for CO as funotions
of R.A. and velocity of cloud and for HCN the data as function of R.A. which
were Very scanty were interpreted. For these calculations, the spherical collapse
model which is mathemstically tractable was used and the radiative transfer
theory of Sobolev (1960) was applied. By considering the simultaneous existence
of & velocity field increasing outwards and a density gradient they were moderately
suocessaful in obtsining a model for the Orion A clouds whioh could explain the
experimental data available at that time. Gerola and Sofia (1975) had the
additional diffioulty as ot that time no reliable rate coefficient data for H,-CO
collisions were available, an accurato knowledge of which is important.
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However, subsequent to the work of Gerola and Sofia (1975) more recent
and reliable experimental data for 2-1 and ¥-0 lines of 0O from Orion A cloud
ag function of R.A. and velocity of the cloud have been reported (Wannier e al
1976). The most interesting foature of the more recent data is that even at
largo distances from the centre of the cloud the 2 — 1 and 1 — 0 lines of CO
havo almost equal intensity whereas for the data reported by Phillips et al (1973)
this feature was present only near the centre of the cloud. The equality of the
brightness temperature for the 2—+1 and 1 — 0 lines normally indicates the
existence of local thermal equilibrium. However at large distances from the
centre of the cloud where densities are small, L.T.E. condition is not likely to
hold. Thus it is interesting to see whether a suitable model for Orion A cloud
may be constructed which may explain the experimental data under non-LTE
conditions. At present accurate rato—ooefficients for H,-CO collisions ,under
interstellar conditions are available (Green and Thaddeus 1976) so th&{ moro
roliablo determination of the structure of Orion A cloud is possible.

Tt is relevant here to point out that the spherical collapse model is probably
too simple for the actual conditions oxistent in the molecular clouds. Howgver,
it will have very httle effect on caloulated line profile toward the centre of the
cloud as the latter primarily depend on the velocity, density and temperatute
distributions along the line of sight (Kwan 1978). Also, it ig the only modol
which is at present mathematically tractable. Thus, it is necessary to exploit
fully this modol for the interpretation of the spectral data and see its suitability.

In this papor we have constructed a model for Orion A cloud to intorprot
tho more rocent experimental data for CO. We have concentrated on the datu
for CO only as those are quite extensive and reliable. For HCN the expori-
mental data are very scanty and the rate-coefficients for H,-HCN collisions aro
not available. Thus their consideration may lead to erroneous results.

2, Theory

Tor the dotcrmination of the population distribution of inolecules in different
rotational levels wo consider the simultaneous existence of the radiative transitions
and oollision induced rotational transitions, In statistical equilibrium (De Jong
et al 1975)

n(r) );. Py(r) = 33 ny (r)Pyi(r) (1)
whoere n¢(r) is tho population por c.c. of level ¢ at the puint . The transition
probability Pg(r) between the two rotational states ¢ and j can be éxpressed &s,

Pyj = Ayg+Beg < Jgy(r) > +Cy, (1> ), (2)

= ‘B” < JU(") > +04.I9 (l‘ <J) (3)



Structure of Orion A cloud 211

where Ay and By, are the Einatein’s transition probabilities and Cy is tho collision
induced trensition probability < Jygy(r) > is the mean intograted radiation field
at the frequency vy for the transition i — j.

The Einstein’s coefficients Ay; and By; may he oxpressed ws,

A9 = 16hB%(j+1)3By,, 4 (da)
_ a4
Bpirs = 3R 13) (4h)

and
9By = g4By

where B is the rotational constant in em-%, x tho dipole momont, g; and g; are
respectively the statistical weights for levels 4 and j.

< Jgy > may be determined from the equations of transfer of radiation.
The problem is considerably simplified when a macroscopic velocity field with a
velocity gradient much larger than the thermal velocities of the molecules exists
in the cloud (Sobolov 1960). In u spherically symmetric cloud with a large
velooity gradient, photons emitted at a partioular point in the cloud can be
absorbed only within a small distance of the order of I = uR/V (v being the
thermal velocity, V the macroscopic velocity and R is the radius of the cloud).
Thus some of the photons will escape, the probability of which is denotod by f;.
The method of Soholev (1960) has been extended by Castor (1970) and Lucy
(1971). < Jy; > may thus be expressed as

< Jylr) > = [1—Py(r))8u(r) +Bis(r)Buslvig, Tn), (6)
where By (s, Tgp) is the black body radiation field and Tgp is the Cosmic black
body radiation temperaturc taken as 2-7K.

The source function Sy(r) can be written as
& | myr)gy

a)ge 17!

Sy(r) = 1] (6)

whero ny, ny are the population densities of levels  and j and g1, gj the corres-
ponding weight factors, vy is the frequency of the emitted radiation.
The escape probability Ay is given by,

_ ¥ 1l4oz® =Ty 7
puery= ] e (7] s )
where 0 = d1n V(r) ~1, V(r) being the velocity at r. The optical depth 7¢

dinr
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may ho written as,

3,
T [ 1]

8my  Lnage Vi) )]

The absoluto intensity of the spectral line can be expressod as (Gerola and
Sofia 1975),

Iy = 8[(p*+2,"){1—oxp[ —Tyy(v1s, )]} ®)

where 7 = (p®+2,2)}, p being the impact parameter which gives the position in
tho cloud that we look at and z, may be determined from tho relation

vy V(B2 422

v, being the central frequency of the line Tho brightness tomporature 1‘3 inK
is given by

Az
Tp = -2—,? (Iy- Ipp),

where k is Boltzmann oonstant and Igg being the intensity of the cosmic back-
ground.

3. Calculation and Results .

In order to interpret the more recent data on brightness temperature of 2 — 1
and 1 — 0 lines of CO (Wannier et al 1976) we have used the accurately caloulated
values of the rate coefficient for H,-CO given by Green and Thaddeus (1976).
For the purpose of extrapolation to higher j values the empirical formula obtained
by De Jong et al (1975) which fitted the calculated values of rate coofficients
have been used. To solve the equation of statistical equilibrium (equation 1)
we have considered 20 rotational levels of CO and applied matrix inversion
technique. For the determination of population distribution ny at different
values of 7 (the distanco from the centre of the cloud), iterative method has been
followed

Due to the penetration of the cosmic ultraviolet radiation, near the edges
of the Orion A cloud, thero may be significant denﬁity of electrons which we
have not considered. Moreover, as stated earlier, the effect of departure of
the cloud from &pherical symmetry is likoly to be more at larger distances from
the centre. We have therefore confined our calculations upto an impact pera-
meter of 81018 cm. The T'p values at different impact parametors were cal-
culated by using the relevant equations in Section 2. We could obtain the best
agreemeont with the experimental data as function of R.A. by using the physical
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parameters of Orion A cloud given in Table 1. The results obtained by us are
ghown in figure 1 together with the experimental dats (Wannior et al 1976).
Tho results obtained for the volocity profile of 1 — 0 line by using our model
are shown in figure 2 together with the experimental date (Wannier et al 1976).
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Figure 2.

4. Discussion of results

The results obtained (figures 1 and 2) using the model for Orion A cloud deter-
mined by us show that with the spherioal collapse model it is possible to represent
the basio features of the experimental data. The most interesting point is the
capability of our model to explain the almost oquality of the Tp values of 2 o 1
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and 1 — 0 lines of CO at comparatively large distances from the centre without
assuming thermalization. The recent data on the velocity profile of 1 — 0 line
may also be represented fairly well by our model. The discrepancy in the cal-
culated and experimental values of the velocity profiles at larger values of the
impact parameter is probably mainly due to the assumption of spherical symmetry
of the oloud.

It is relevant here to point out certain features of the model of Orion A cloud
obtained by us. In our model, beyond » = 1:8 X 108, wo have assumed & much
slower variation of the temperature of the cloud so that the kinetic temperature
is higher than the brightness temperature of CO lines. This is realistic because
at larger distances from the centre of the cloud, the departure from the local
thermodynamic equilibrium condition will be more so that the kinetic temperaturo
will be higher than the brightness temperature. In our model tho densjty of
H, in the Orion A cloud varies from 105 to 10® cm~3 which agrecs with the pthor
estimates (De Jong et al 1975, Wannier et al 1976)

Our results show that fair success in interpreting the CO line intonsities
from Orion A cloud can be achieved by using the spherical collapse modol. w-
ever, it is relevant to point out the factors which have not been considered viz.
(i) the existence of maxima and minima in the 7'g values at distances from tho
contre of the cloud, the physical reason of which is not at present clearly under-
stood, (ii) the departure from the spherical structure assumed by ua.
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