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Abstract. Laboratory detection of four isomers of CsH, molecule have been reported by Travers et al. (1997), McCarthy
et al. (1997), and Gottlieb et al. (1998). They suggested for detection of the ring-chain isomer of CsH, (c-CsH,) in cosmic
objects, as it is the most stable one in comparison to the others. Two transitions 3;3—2;, and 3p3—2¢, at 19.147 GHz and
19.606 GHz, respectively, of c-CsH, have been detected in TMC-1. We suggest that the c-CsH, may be identified in cool
cosmic objects through its transition 3,3—404 at 4.3 GHz in absorption against the cosmic microwave background. Since in
absence of availability of the collisional rates, we have used scaled values for them, we have checked the sensitivity of the
lines on the rates by enhancing the rate for the transitions with Ak, = 0 by a factor of 10. Though the transitions are not found
sensitive, our results may be treated as qualitative in nature. This absorption line may play an important role for identification

of ¢-CsH, in cosmic objects.

Key words. ISM: molecules

1. Introduction

After detection of C4H, and C¢H, molecules in the expand-
ing shell of the evolved carbon star IRC +10216 and in the
rich-molecular-source TMC-1, search for CsH, molecule in
cosmic objects is being carried out. Out of the four isomers
of CsH, molecule, detected in laboratory by Travers et al.
(1997), McCarthy et al. (1997), and Gottlieb et al. (1998),
the ring-chain isomer (c-CsH;) is the most probable candi-
date for its detection in cosmic objects, as it is the most sta-
ble one as compared to the others. This isomer is an asymmet-
ric top, planar molecule having. a large electric dipole moment
u = 3.5 Debye inclined with the axes of inertia so that its com-
ponents along the a and b axes of inertia are y, = 2.04 Debye
and y, = 2.89 Debye. Thus, this isomer has both a-type and
b-type radiative transitions, and therefore, the rotational energy
levels cannot be separated into two different groups, as in case
of an a-type or b-type molecule. Hence, the investigation of this
molecule is quite complicated. The molecular data derived by
Travers et al. (1997) for ¢-CsH; are given in Table 1. Since the
kinetic temperature in dark molecular clouds is rather low, only
rotational transitions in the ground electronic and ground vibra-
tional states take place. We propose to identify CsH, in cosmic
objects through its transition 313—4¢4 in absorption against the

* Tables 3 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http: //cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/423/235
** Visiting Associate of [IUCAA, Pune 411 007, India.

Table 1. Molecular data.

A (MHz) 34638.7013
B (MHz) 3424.87684

C (MHz) 3113.63865

A; (MHz)  2.888 x 107
Ak (MHz)  2.952 x 1072
U, (Debye)  2.04

Uy (Debye)  2.89

cosmic 2.73 K background (also called the cosmic microwave
background, denoted as CMB).

2. Einstein A-coefficients

Rotational wave functions for an asymmetric top molecule can
be described by linear combination of symmetric top wave
functions (Chandra et al. 1984a,b)

J
2J+1
¥iem(a,B,y) = Ve Z 9!k Dy (@, B,y)
T k=

where @, 3, y are Euler angles specifying the orientation of the
molecule, J the rotational quantum number, gf x the expansion
coefficients, DJJu x the Wigner D-function and the pseudo quan-
tum number 7 is defined by

T=ky— ke
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Table 2. Energy levels of ring-chain isomer of CsH,.

J ki ke | Eem™ | J ki k.| E(cm™)
0 0 0 0.000 1 0 1 0.218
2 0 2 0.654 1 1 1 1.259
1 1 0 1.270 3 0 3 1.308
2 1 2 1.685 2 1 1 1.716
4 0 4 2.180 3 1 3 2.324
3 1 2 2.386 4 1 4 3.175
5 0 5 3.269 4 1 3 3.279
5 1 5 4.239 5 1 4 4.395
6 0 6 4.575 2 2 1 4.840
2 2 0 4.840 3 2 2 5.494
3 2 1 5.494 6 1 6 5.516
6 1 5 5.734 7 0 7 6.097
4 2 3 6.366 4 2 2 6.366
7 1 7 7.006 7 1 6 7.296
5 2 4 7.457 5 2 3 7.457
8 0 8 7.835 8 1 8 8.707
6 2 5 8.765 6 2 4 8.765
8 1 7 9.081 9 0 9 9.789
7 2 6 10.291 7 2 5 10.301
9 1 9 10.621 3 3 1 10.726
3 3 0 10.726 9 1 8 11.088
4 3 2 11.598 4 3 1 11.598
10 0 10 11.958 8 2 7 12.035
8 2 6 12.051 5 3 3 12.689
5 3 2 12.689 | 10 1 10 12.747
10 1 9 13.318 9 2 8 13.996
6 3 4 13.998 6 3 3 13.998
9 2 7 14.021 11 0 11 14.340
11 1 11 15.086 7 3 5 15.525
7 3 4 15.525 | 11 1 10 15.770
10 2 9 16.175 | 10 2 8 16.213
8 3 6 17.271 8 3 5 17.271

where k, and k. are projections of J on the axis of symme-
try in case of prolate and oblate symmetric tops, respectively.
Rotational levels in an asymmetric top molecule are specified
as Ji, . or J.. The rotational energy levels accounted in the
present investigation are given in Table 2.

Since the electric dipole moment of the molecule is inclined
with its axes of inertia, it has both a-type as well as b-type ro-
tational transitions. The a-type rotational transitions are gov-
erned by the selection rules

J:AJ =0, 1
kau, k.. even, odd «— even, even

odd, even «— odd, odd.

In the representation where the axis of quantization is along
the a-axis of inertia, Einstein A-coefficient for the transi-
tion J,, — J; is (Chandra & Sahu 1993; Chandra & Rashmi
1998)

J 2

64n4v3yg(2J+1)[Z .

’ _ J' K
A (JT/ - J‘r) - 3]’!6‘3(2.]' + 1) gTKgT'KCJKloji

K=—J
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where 1, is the electric dipole moment along the a-axis of in-
ertia, and C _the Clebsch Gordon coefficient. The b-type rota-
tional transitions are governed by the selection rules

J:AJ =0, 1
ka, ko: even, odd «— odd, even
even, even «—— odd, odd.

In the representation where the axis of quantization is along
the a-axis of inertia, Einstein A-coeflicient for the transition
J?, — J- is (Chandra et al. 1984b; Chandra 2002)

J' K+1

JKI11

327 ERI+ D | & ,
A(J;’_)JT):L Z J(J

3T+ 1) | L TEVIrK

2
7 JK-1
+ gT’K—ICJI(I,—l)

where y;, is the electric dipole moment along the b-axis of in-
ertia. Calculated values of Einstein A-coeflicients for a-type as
well as b-type rotational transitions between the levels up to
18 cm™! are available in the electronic form in Table 3.

3. Collisional rate coefficients

Besides the radiative transition probabilities for optically al-
lowed transitions between the rotational energy levels, data re-
quired as input for the present investigation are the rate co-
efficients for collisional transitions between the levels due to
collisions with H, molecules. Though the collisional transi-
tions are not restricted through any selection rules, computa-
tion of them is quite cumbersome task. The required collisional
rate coefficients are not available in the literature. In absence
of them qualitative investigations can however be carried out
by choosing some scaling for the rate coefficients which do
not favour any anomalous behaviour from their own. As and
when the collisional rate coefficients would be available, the
investigation can be repeated for quantitative results. In the
present investigation, the rate coefficients for downward tran-
sitions J'k_ k. — Jk.k. at a kinetic temperature T are taken as
(Sharma & Chandra 2001)

C(J KK, — Jhkake) = 1x 1071 3[T/30/ 27 +1).

These rate coefficients can be interpreted as the cross section
times a thermal velocity. The factor (2J” + 1) is the degeneracy
of the upper level of the transition. These rates have no selec-
tivity and do not support any anomalous behaviour from their
own. However, some transitions between the low lying levels
may be sensitive to the collisional rates.

In order to investigate sensitivity of our results to the colli-
sional rates, we enhanced the collisional rates for the transitions
with Ak, = 0 by a factor of 10 (i.e., by one order of magnitude),
which may be taken as an extreme case. The results with these
enhanced rates are also given in this paper. Moreover, in ab-
sence of accurate collisional rates, our results can be treated as
qualitative in nature.

For upward collisional rate coefficients, we accounted for
the fact that downward and upward collisional rate coefficients
are related through the detailed equilibrium (Chandra & Kegel
2000).
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4. Basic formulation

In our investigation, NLTE occupation numbers of the energy
levels of the molecule under investigation are calculated in
an on-the-spot approximation by using the escape probability
method (see, e.g., Rausch et al. 1996), where the external radia-
tion field, impinging on a volume element generating the lines,
is the CMB only. Besides the normal features, some lines of a
molecule may show anomalous features: (i) absorption against
the CMB (called, anomalous absorption) and (ii) maser action.

4.1. Anomalous absorption

Observation of a spectral line in absorption against the CMB
is an unusual phenomenon. The transition 1;9 — 1;; of H,CO
and 29 — 2;; of C3H; are good examples of anomalous ab-
sorption. The intensity, /,, of a line generated in an interstellar
cloud, with homogeneous excitation conditions, is given by

Iy = Lypg = (Sy = L)1 —e™™) ey

where I, is the intensity of the continuum against which
the line is observed, 7, the optical depth of the line, and S,
the source function. For positive optical depth, observation
of an interstellar line in absorption against the CMB (i.e.,
I, < I,pg), obviously, implies the excitation temperature Tex
of the line to be less than the CMB temperature T, but pos-
itive (0 < Tex < Tyg). It requires rather peculiar conditions in
the molecule generating the line. Equation (1) may also be ex-
pressed as

By(Tg) = B(Tvg) = | BATex) = Bu(Top)|(1 = ™) )

where B, represents a Planck’s function corresponding to var-
ious temperatures and T is the brightness temperature of the
line. (For absorption against the CMB, we have Tg < Ty,.)
This obviously shows that for optically thin case, 7, = 0 and
we have Tg = Tpe = 2.7 K. Further, in the Rayleigh-Jeans limit
[v(GHz) < 21 T(K)], Eq. (2) can be written as

Tg =Tex + (Tbg - Tex)e_Tvo 3)

For anomalous absorption, we have Tex < Tpg and 7, > 0,
and therefore, Tg > Tex. When 7, is very large, then for the
anomalous absorption, we have T = Te. It shows that for
anomalous absorption, the brightness temperature of the line
lies between Ty of the line and Tyg (Tex < T < Tyg).

4.2. Maser action

Maser action is another anomalous phenomenon shown by
some molecules in the cosmic objects. The molecules OH, H,O
and SiO are good examples of masing molecules. We can rear-
range the Eq. (3) as

Tg = Tpge ™ — Tex(e™™ = 1).

For maser action, we have population inversion and thus
Tex <0and 7, < 0, showing that Tg > Tye. When |7,| is large
(such that e™™ > 1), then for the maser action, we have

Tg = (Tbg —Tex)e ™.
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5. Numerical results and discussion

In our model, the free parametres are the hydrogen density ny,
and y = npe/(dv,/dr), where ny is density of the molecule,
and dv,/dr the velocity gradient in the object. In order to in-
clude a large number of cosmic objects where ¢-CsH; may be
found, numerical calculations are carried out for wide ranges
of physical parametres. We have taken two values 107> and
10~* cm™3 (kms~!)™! pc for y. For each value of y, the molec-
ular hydrogen density ny, is varied over the range from 10° to
10° cm—3, and calculations are performed for two kinetic tem-
peratures 10 and 20 K, as the temperature in the clouds cannot
be larger than this. In the present investigation, a set of 64 lin-
ear equations coupled with 274 equations of radiative transfer
is solved through the iterative procedure for given values of ny,
and y.

5.1. Observations

For the observed two transitions 313—2i2 and 3p3—20 at
19.147 GHz and 19.606 GHz, respectively of c-CsH, detected
in TMC-1, Dickens et al. (2001) obtained Av = 0.15 kms™!,
and the upper limits for the relative column density of c-CsH,
was obtained as 2 x 102 cm™2 and 4 x 102 cm™2, respec-
tively. (Frequencies of these transitions given in Table 1 of
Dickens et al. (2001) suffer from misprint as we discussed with
them.) For these values of Dickens et al. (2001), the corre-
sponding values of the free parametre y are 4.5 x 10™® and
9 x 107% ecm™ (kms™")~! pc. This higher value 9 x 1076 is
closed to our value 107>, and our second value is larger by one
order of magnitude.

For the observed lines 3;3—2;> and 393—2;, variation of
brightness temperature T versus the hydrogen density ny, for
T =10K (row 1) and 20 K (row 2) is shown in Fig. 1. We found
Tp > Ty, although not very large for y = 107>, but showing
emission feature for both the lines. Since both the lines are de-
tected in emission, the reason for low value of (T — T}) in our
calculations can be assigned to the qualitative nature of our in-
vestigations. When y (i.e., N(c-CsH;)/Av) is increased by one
order of magnitude, T shows a remarkable increase where op-
tical depth 7, goes up to 0.4 and 0.5 at 7 = 10 K, and 0.06
and —0.1 at 7 = 20 K for 3;3—2> and 3¢3—2¢, transitions, re-
spectively. The results with the enhanced collisional rates for
the lines are shown in rows 3 and 4 of Fig. 1. With the enhanced
rates, a little increase in T'g is found; which is more remarkable
on the two sides of the peak. The peak in T is found to shift to-
wards the low density region, and at the peak, the optical depth
is found to decrease.

5.2. The 7p7—616 and 6gs—>515 transitions

A number of lines of ¢-CsH; were found showing negative
value for the excitation temperature (maser action). Though it
was not large in magnitude, we have however investigated two
transitions 7¢97—6;¢ and 6gs—515 at 17.4 GHZ and 10.1 GHz,
respectively. Other lines showing negative value for T.x were
insignificant. Variation of Ty versus ny, for these two lines is
also shown in Fig. 1. The optical depth, at the peak, goes up
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Fig. 1. Variation of brightness temperature T (K) versus hydrogen density ny, of the lines written at the top of each column for kinetic
temperatures 10 K (rows 1 and 3) and 20 K (rows 2 and 4). Solid line is for y = 1073 cm™ (kms™!)~! pc, and the dotted line for y =
107 cm™ (kms™!)~! pc. Lower rows (3 and 4) are for the case where collisional rates of the transitions with Ak, = 0 are increased by a factor

of 10.

to —0.5and 0.2 at 7 = 10 K, and —0.8 and 0.1 at 7 = 20 K for
To7—616 and 6g6—51s, respectively. The effect of the enhance-
ment of collisional rates for these lines is found more promi-
nent than those observed ones. With the enhanced collisional
rates, at the peak, the optical depth goes up to —1.0 and 0.3
at 7 = 10K, and —1.4 and 0.06 at T = 20 K for 7¢p7—6,¢ and
606—3515, respectively.

5.3. The 313—4y4 transition

A number of lines of ¢-CsH, are found in absorption against
the cosmic 2.7 K background. However, the transition 3;3—4g4
at 4.3 GHz has shown reasonably good absorption phe-
nomenon. Einstein A-coefficient for this transition is 1.74 X
10~ s~!. For this transition, we have plotted brightness temper-
ature Tg (Col. 1), excitation temperature T.x (Col. 2), optical

depth 7, (Col. 3) and again Tg where the enhanced collisional
rates are used (Col. 4). Anomalous absorption is found to in-
crease with y. A moderate increase is found with the increase
of kinetic temperature 7', where the position of the minimum
value of T is found to shift towards the low density region.

It is interesting to have a note that the observed tran-
sition 313-212 (A = 1.30 x 1077 s71) is detected in emis-
sion whereas the transition 3;3—4¢4, having the common up-
per level 3,3 shows absorption against the CMB. The process
of absorption can be understood in the following manner. The
level 313, besides to 44, decays radiatively to the levels 2, and
200 (A = 3.49 x 107 s71). The lower level 4g4 has only one
radiative decay to 33 (A = 3.84 x 1077 s7!). The radiative life
time of the level 33 (2.8 x 107 s) of the transition is one order of
magnitude smaller than that of the level 494 (2.6 x 10° s). Thus,
the molecule in the lower level exists longer and can absorb the
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Fig. 2. Variation of brightness temperature T (Col. 1), excitation temperature Tex (Col. 2), optical depth 7, (Col. 3) and brightness temperature
with enhanced collisional rates (Col. 4) versus hydrogen density ny, of 33—44 transition. Solid line is for y = 1073 cm™ (kms™!)~! pc, and the
dotted line for y = 107* cm™ (kms™!)~! pc. For the brightness temperature T in Col. 4, the collisional rates for the transitions with Ak, = 0

are increased by a factor of 10.

radiations corresponding to the transition 313—4(4 coming from
the background.

6. Conclusion

Here, we have used scaled values of collisional rates, and
therefore, our results are qualitative in nature. We have ob-
tained emission feature of the observed lines qualitatively. We
found that detection of ¢-CsH; is likely in cool cosmic ob-
jects through anomalous absorption of the transition 3;3—44.
In absence of accurate collisional rates, our investigation pro-
vides information that this transition may play important role
for identification of ¢-CsH; in cool cosmic objects.
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