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Abstract

Formaldehyde (H2CO) is the first molecule observed in absorption against the cosmic
microwave background (CMB) through its transition 13; — 139 at 4.829 GHz in several
cosmic objects. The second line observed in a large number of cosmic objects is 217 — 29
transition at 21.59 GHz of cyclopropenylidene (¢-C3Hs) in absorption against the CMB.
The phenomenon of anomalous absorption can take place under rather peculiar conditions
developed in a molecule generating the line. In the present investigation, for Ho,CCO,
H,CCC and H,CCCC in cool cosmic objects, we have accounted for kinetic temperature of
10, 20, 30 and 40 K. For each of these three molecules, we have taken 30 rotational energy
levels connected by 66 radiative transitions and solved the set of statistical equilibrium
equations coupled with equations of radiative transfer through iterative method. We found
that relative values of collisional rates can produce anomalous absorption of transitions
111 — 119 and 21; — 215 in these molecules. Anomalous absorption of 111 — 115 and 211 — 215
transitions may help in the identification of molecules in cool cosmic objects.
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1 Introduction

Transitiion 117 — 119 at 4.829 GHz of formaldehyde has been observed in anomalous ab-
sorption against CMB in several directions [1]. Since the energy level scheme and relative
values of radiative transition probabilities for transitions between the levels in HyCCO,
H,CCC and HoCCCC are very similar to those for HoCO (Table 1), in the present inves-
tigation we have discussed about the phenomenon of anomalous absorption of transitions
111 — 119 and 211 — 212 in these molecules. It has been found that a mechanism responsible
for anomalous absorption depends on relative values of collisional rate coefficients. To
get anomalous absorption in 1;; — 1;( transition, the rate coefficient for 1,y — 2,5 transi-
tion should be larger than that for 1,; — 2;; transition. It is possible to get anomalous
absorption in 2;; — 215 transition.

2 Observations

Ketene ( HoCCO) is detected in Sgr B2, TMC-1 and L134N by Turner et al. [2], Matthews
and Sears [3], Irvine et al. [4] and Ohishi et al. [5] through its transitions 414—313, 404 — 303,
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Table 1: Energy in cm ! of rotational levels of ortho species and electric dipole moment

Toke H,CCO H,CCC H,CCCC
14 9.6705 9.9723 9.6365
110 9.6831 9.9851 9.6390
219 11.0061  11.3465 10.2299
211 11.0438  11.3850 10.2374
313 13.0094  13.4079 11.1199
312 13.0849  13.4849 11.1349
414 15.6805  16.1563 12.3067
43 15.8063  16.2846 12.3316
915 19.0192  19.5917 13.7901
D14 19.2081  19.7842 13.8274
616 23.0257  23.7142 15.5701
615 23.2901  23.9837 15.6225
T17 27.6999  28.5236 17.6469
716 28.0523  28.8829 17.7166
818 33.0416  34.0200 20.0203
817 33.4948  34.4820 20.1100
919 39.0509  40.2032 22.6669
918 39.6174  40.7804 22.7790
101 10 45.7278  47.0732 25.6770
1049 46.4202  47.7791 25.8103
331 85.0676  87.6697  85.8459
330 85.0676  87.6697  85.8459
439 87.7629  90.4427  87.0374
439 87.7629  90.4427  87.0374
D33 91.1319  93.9090 88.5267
932 91.1319  93.9090 88.5267
634 95.1748  98.0685 90.3138
633 95.1748  98.0685 90.3138
735 99.8915 102.9211 92.3988
T34 99.8915 102.9211 92.3988
p(Debye) 1.41 4.1 4.5




413 — 312, 515 — 414, D05 — 404, D14 — 413, Lo1 — Ogo, 202 — Lo1, 212 — 111 and 241 —159. Molecular
and distortional constants for this molecule are taken from Johns et al. [6] and are given
in Table 2.

Propadienylidene (H,CCC) is detected by Cernicharo et al. 7] and Kawaguchi et al.
[8] in IRC +10216 and TMC-1 thI’OUgh its transitions 101 - 000, 515 - 414, 514 - 413,
716 - 615, 212 - 111, 202 - 101, 211 - 110, 414 - 313 and 413 - 312. Molecular and distortional
constants for this molecule are taken from Vrtilek et al. [9] and are given in Table 2.

Carbene ( HoCCCC) is detected by Cernicharo et al. [10] and Kawaguchi et al. [8]
in IRC +10216 and TMC-1 thI‘OUgh 1ts transitions 909 — 808, 101710 — 919, 111,11 — 101,10,
119,11 — 100,10, 111,00 — 1019, 120,12 — 110,11, 121,11 — 111,10, 151,15 — 141,14, 151,14 — 14433,
161,16 — 151,15, 212 — 111, 202 — o1, 211 — L1, 414 — 313, doa — 303, 413 — 312, 515 — 44,
505 — 404 and 514 — 413. Molecular and distortional constants for this molecule are taken
from Killian et al. [11] and are given in Table 2.

Table 2: Molecular and distortional constants in MHz

Constants H,CCO* H,CCCT H,CCCC}
A 282081 288783 284468
B 10293.9772 10588.639 4503.309
C 9915.2396 10203.966 4428.616

D, 3.394 x1073 4.248%1073 0.5393x1073
Dy 476.04 x1073 516.4x1073 144.0x1073

Dx  23.535 23.535 0.0000
d; 0.1453x 1073 —0.153 x 1073 —0.0157 x 10~3
H;x  84x107° 7.6x1076 0.14 x 10~°

Hyg; —07103x 1073 —-1.28x107* 0.35x10°*

* Johns et al. [6]
t Vrtilek et al. [9]
¥ Killian et al. [11]

3 Basic formulation

The transitions of our interest, 1171 — 119 and 2;; — 215, belong to the ortho species of each
molecule. In our investigation, NLTE occupation numbers of 30 energy levels for each
molecule are calculated in an on-the-spot approximation by using the escape probabil-
ity method [12], [13] where the external radiation field, impinging on a volume element
generating lines, is the CMB only. In the present investigation, we solved a set of 30
simultaneous equations coupled with 66 equations of radiative transfer. This system of
equations is non-linear and can be solved through iterative method for given values of
hydrogen density ny, and v = n,,,/(dv,/dr), where np) 1 is density of molecule and
dv,/dr, the velocity gradient in cosmic object. Basic data required in this investigation
are Einstein A-coefficients for radiative transitions and collisional rate coefficients between
the levels.



4 Einstein A-coefficients

Treatment of an asymmetric top molecule is quite complicated as it has no preferential
direction for quantization and the energy matrix is non-diagonal. Rotational wave func-
tions for an asymmetric top molecule can be described by a linear combination of wave
functions for a symmetric top molecule [14]

[27+1
‘IIJTM(a:ﬁafY) = W Z gTJKDX/IK(aaﬁafy)
K=—J

where «, (3, v are Euler angles specifying orientation of the molecule, J the rotational
quantum number, g7, the expansion coefficients, Dy, the Wigner D-function and the
pseudo quantum number 7 is defined as

T=ke— k.

where k, and k. are projections of J on the axis of symmetry in case of prolate and
oblate symmetric tops, respectively. Rotational levels in an asymmetric top molecule are
specified as Jy, 5, or Jr. All the three molecules, H,CCO, HyCCC and HoCCCC being
a-type asymmetric top, the rotational radiative transitions are governed by selection rules

J: AJ=0,+£1
ka, k. : even, odd «<— even, even
odd, even <— odd, odd.

In the representation where the axis of quantization is along a-axis of inertia, Einstein
A-coefficient for transition J., — J. is given by [15], [16]

64nPp?(2J + 1) & D e 12
A ,/ ) = J J/ J' K
( T _)J) 3hC3(2JI+1) [K:ZJgTKgTKCJKIO]

where p is the electric dipole moment of the molecule, and C: the Clebsch Gordon
coefficient. For each molecule, the Einstein A-coefficients for 66 radiative transitions
between 30 energy levels are calculated and are given in Table 3.

5 Collisional rate coefficients

Computation of collisional rate coefficients is a cumbersome task. Since collisional rate
coeflicients are not available in the literature, scaled values for one direction (either from
upper to lower or from lower to upper) can be used [17]. In the present investigation, rate
coefficients for downward transition (J3,, — Ji,k,) at kinetic temperature 7" is taken as

1x10~1 T

C(Jpp — J, =——\{|— 1
( kakc kakc) (2J'/ + 1) 30 ( )
This relation for collisional rate coefficients can be interpreted as the cross section times

a thermal velocity. For upward collisional rate coefficients, we accounted for the fact



Table 3: Einstein A-coefficients of the molecules in s~

Transitions H,CCO H,CCC H,CCCC

lig — 111 6.22x10~13  5.57x107"2 4.91x10~ ™
219 — 191 4.46x1077  4.10x107%  3.98x107
211 — 1yg 4.71x1077  4.34x107%  4.08x107
211 — 210 5.60x10° 2 5.01x10° " 4.42x10°'3
313 — 219 1.91x107°% 1.76x107° 1.71x10°©
312 — 211 2.02x10°% 1.86x10°° 1.75x10°©
312 = 313 2.24x1071 2.00x1071° 1.77x10"12
414 — 313 4.95%x1076  4.56x10°° 4.42x10°¢
415 — 319 5.24x107% 4.82x107° 4.53x10°
Ais — 414 6.22x10~"  5.57x10710 4.91x10~'2
515 — 414 1.01x107° 9.33x10~° 9.05x10~¢
514 — 413 1.07x107° 9.86x107° 9.28x107°
514 — D15 1.40x1071° 1.25%x107° 1.11x10~M
616 — 15 1.80x107° 1.66x10™* 1.61x107°
615 — S14 1.90x107° 1.75x107* 1.65x107°
615 — 616 2.74x10710 2.46x107° 2.17x10~!!
Ti7 — 616 2.91x107° 2.68x107™* 2.60x107°
Ti6 — 615 3.08x107° 2.83x10™* 2.67x107°
Tie — Ti7 4.88x10710 4.37x107° 3.85x107!!
815 — T17 4.40x10~% 4.05x10~* 3.93x10°°
817 — Tis 466x107° 4.29x10~* 4.03x107°
817 — 813 8.06x10710 7.22x107° 6.37x10711
919 — 813 6.33x107° 5.83x107* 1.36x107
915 — 817 6.69x107° 6.16x107* 1.43x1076
95 — 919 1.26x1079 1.13x107%  7.62x10~?
10110 — 919 8.75x10™°  8.06x107*  1.70x107°
1019 — 914 9.25x107°  8.52x10~* 7.72x106
1019 — 10,50 1.88x107°  1.69x1078  8.38x107°
331 — 219 1.10x10™% 9.98x107% 4.36x107°
331 — 312 8.90x10°? 8.04x10°% 3.68x10°°
331 — 414 2.04x107% 1.84x10°% 9.02x10° 10
330 — 211 1.10x10°% 9.98x10° % 4.36x10°°
330 — 313 8.89x10°? 8.03x10°% 3.68x10°°
330 — 413 2.04x107% 1.85x10°% 9.02x10°10
Ag9 — 313 2.32x107%  2.09x10~7 9.01x10~?
Agy — 443 2.24x107%  2.03x10~7 9.28x107?
439 — Hy5 5.75%107° 5.19x1078 2.59%107°
Ago — 33, 2.37x107%  2.19x107* 2.09x10
A1 — 319 2.32x107%  2.10x1077  9.01x107~°
dgy — 414 2.24x107%  2.02x1077  9.28%x107°
Agy — B4 5.76x107% 5.21x10°% 2.59x10°°
Ag1 — 330 2.37x10°%  2.19x107® 2.09x10°°
533 — 414 3.74x107%  3.38x1077 1.43x107®
533 — B4 3.99%x107% 3.61x1077 1.65x107®




Continue table 3

Transitions H,CCO H,CCC H,CCCC
533 — B1g 1.09x10~% 9.82x10~% 4.98x107?
g3 — 439 6.94x107% 6.39x107° 6.10x107°
539 — 413 3.74x10"% 3.38x10~7 1.43x10°8
532 — D15 3.98x107% 3.60x107 1.65x10°%
539 — 615 1.09x10°% 9.85x10°% 4.98x10?
539 — 431 6.94x10°% 6.39x10°° 6.10x10°6
634 — D15 541x107% 4.89x1077 2.04x10°8
634 — 615 6.11x107% 5.52x1077 2.53x10°8
6314 — T17 1.72x107% 1.55x10~7 8.02x107?
634 — D33 1.43x1075 1.31x10~* 1.25x107°
633 — H14 5.42x107% 4.90x1077 2.04x1078
633 — 616 6.09x107% 5.50x1077 2.52x107®
633 — 716 1.73x107% 1.56x1077 8.03x10~°
633 — D532 1.43x107° 1.31x107* 1.25x107°°
T35 — 016 7.36x107% 6.65x1077 2.74x10°8
Ta5 — T1i6 8.60x10°% 7.77x1077 3.55x107®
Tas — 818 2.46x107% 2.22x1077 1.17x107®
Ta5 — B34 2.49%107° 2.29x10™* 2.19x107°
T34 — 615 7.39x107% 6.68x1077 2.74x1078
Taq — Ti7 8.55x107% 7.73x10°7 3.55x1078
T4 — 817 247x10~% 2.23x10~7 1.17x10°8
T34 — 633 2.49%107° 2.29x10* 2.19x107°

that downward and upward collisional rate coefficients are related through the detailed
equilibrium [18]

2J'+1 AE
CJ _>J,//:CJ,//_>J —— € (——> 2

(Jhake k:alcc) ( k! k!, kake) 27 11 Xp KTx (2)
where AFE is the energy difference between corresponding levels. In the absence of accu-
rate collisional rates, our results can be treated as qualitative in nature. However, the

collisional rates do not create any anomalous situation from their own.

6 Anomalous absorption
Intensity, I,, of a line generated in an interstellar cloud, with homogeneous excitation
conditions, is

Iy = Lypg = (Sy = Lupg) (1 —€7™) (3)

where S, is source function, I, 5, is background intensity against which the line is observed,
and 7, is optical depth of the line. Equation (3) can also be expressed as

B,(Tg) = By(Tsg) = [By(Tex) — Bu(Thg)I(1 — e7™)] (4)

6
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Figure 1: A set of consecutive two doublets corresponding to J = 1 and 2 levels along
with the radiative transitions between them.

where B, represents a Planck’s function corresponding to various temperatures and Tg is
brightness temperature of the line. (For absorption against CMB, we have T < Tpy). This
obviously shows that for optically thin case, 7, = 0, we have T = Tj, = 2.73 K. Further,
for Rayleigh-Jeans limit [v(GHz) << 21 T(K)], the Equation (4) can be written as

Tg =Tey + (Thg — Teg)e™™ (5)

For anomalous absorption, we have T¢, < T}, and 7, > 0, and therefore, Tp > T,,. When
T, is very large, for anomalous absorption, we have Tg = T,,. It shows that for anomalous
absorption, brightness temperature of the line lies between T¢, and Tyy (Tey < Th < Tpg).

7 Results

In our model, free parameters are ny, and . In order to include large number of cosmic
objects, where H,CCO, Ho,CCC and Ho,CCCC may be found, numerical calculations are
carried out for wide ranges of physical parameters. In the present investigation, we have
taken v = 107° and 107* ecm™ (km/s)™! pc. The molecular hydrogen density is varied
over a range from 102 to 10° cm ™2, and calculations are performed for kinetic temperatures
of 10, 20, 30 and 40 K, as temperature in a cool cosmic object would not be more than
this value.

All energy levels of these molecules are in the form of K doublets. The observed lines in
absorption are due to transitions between the levels of a doublet. In order to understand
the phenomenon of anomalous absorption in 1;; — 1;¢ transition, let us consider two
successive doublets as shown in Figure 1.

For 1;; — 1y transition, levels of J = 1 doublet are radiatively connected to the levels
of J = 2 doublet only as there is no doublet in lower direction. In optically thin limit
(ng,Cu << Ay), for these four energy levels, statistical equilibrium equations are

ninp, (Cis + Cra) = n3As;
nong, (Coz + Cas) = nyAys
n3Asr = ming,Ciz + nong,Cos

naAso = minp,Cra + nonpg,Co
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Figure 2: A set of consecutive three doublets corresponding to J =1, 2 and 3 levels along
with the radiative transitions between them.

These equations can be rearranged as

n2/n1 = 014/023 (6)

For absorption against the CMB, ny < n;, showing that Ci4; < Cy3. This criterion is
the same as derived by Townes and Cheung [19] semiclassically and by Green et al. [20]
quantum mechanically. Thus, when collisional rate for 1;; — 2;; transition is smaller
than that for 1,y — 2, transition, the transition between 1; and 1;¢ levels would show
absorption against CMB. This has been the case for explanation of 1y; — 11¢ transition of
H,CO where collisional rates reported by Green et al. [20] supported this condition.

In order to understand the phenomenon of anomalous absorption in 21 —21, transition,
let us consider three successive doublets as shown in Figure 2. In optically thin limit, for
these six energy levels, the statistical equilibrium equations are

ninm,(Ciz + Cia + C15 + Crg) = n3As

nan, (Coz + Cos + Cos + Cog) = nyAgo

n3(As1 + ng,Css + ng,Css) = ning,Ciz + nanpg, Cas + ns Ass
n4(Ase +ng,Cus + npg,Cas) = mnpg,Cua + nanpg, Cos + ngAgs
nsAsz = ming, Cis + nong, Cos + n3ng, Css + nanpg,Cas

ngAgs = ninm,Ci + nonmg,Cos + ngnp,Cse + nunp,Cugs

This gives
M4 — nH2—C?’6 4 m nHZCIG + nH2014 i n2 nH2026 + nH2024 (7)
ng A +nm,Cis 13 Agp +np,Cus ny A+ np,Cis

Thus, for absorption between levels 3 and 4, we must have ny < ns.

For 1;; — 1y¢ transition, equation (6) show that C'(1;; — 21) must be smaller than
C (119 — 212). Our equation (1) gives C(111 — 211) ~ C(119 — 212), and therefore, we
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reduced rate C(11; — 211) and its reverse by a factor of 2 with respect to that of the
calculations from equations (1) and (2), which is not very large. The effect of this is
visible in Figure 3 (H,CCCC), Figure 5 (H,CCC) and Figure 7 (H,CCO). It is interesting
to note that there are remarkable changes. The results support anomalous absorption of
111 —1;p transition. In this case transition 2;; —215 shows very weak anomalous absorption.

For 211 — 21, transition, equation (7) says that n, must be smaller than n3. In our
investigation, we reduced the rates C'(315 — 212), C(312 — 111), C(312 — 119), C(211 — 111),
C(211 — 119) and their reverse by a factor of 2 with respect to that of the calculations
from equations (1) and (2). The results are shown in Figure 4 (HoCCCC), Figure 6
(H,CCC) and Figure 8. In this case, we found anomalous absorption of 155 — 1;; and
211 — 219 transitions. Thus collisional rates are responsible for anomalous absorption in
these molecules.

For each of these molecules, with increase of kinetic temperature, the anomalous ab-
sorption is found to decrease and position of minimum value of brightness temperature
(Tp) as well as maximum value of optical depth (7) is found to shift towards the region
of low density. It shows that the possibility of identification of molecules is large in cool
cosmic objects.

8 Conclusions

Under the situation that the collision rate coefficient C'(11; — 211) is smaller than C(1;9 —
212), it has been found that both the transitions 1;; — 159 and 213 — 215 show absorption
against CMB, but absorption found in the second transition 2;; — 2, is weak as compared
to that of transition 171 — 14o.

When collisional rate coefficients C(312 — 213), C(312 — 111), C(312 — 110), C(211 — 111),
C(211 — 119) and their reverse are reduced by a factor of 2 with respect to that of the
calculations from equations (1) and (2) , anomalous absorption in both the transitions
111 — 119 and 2;; — 215 is found increased. Thus, the collisional rates are responsible for
the anomalous absorption. Position of the minimum value of brightness temperature (7g)
and of the maximum value of optical depth (7) is found to shift towards the low density
region with increase of kinetic temperature. Hence, the anomalous absorption decreases
with increase of kinetic temperature.

In cool cosmic objects where kinetic temperature is not sufficiently high to generate
emission spectrum of a molecule, detection of absorption of these transitions may help in
the identification of the molecule there, as low energy levels are populated even at low
temperatures.
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Figure 3: Variation of brightness temperature Tg (K), excitation temperature T, (K) and optical
depth 7 versus hydrogen density ng, of the lines 111 — 119 (columns 1, 2, 3 and 4) and 2;; — 2;2 (columns
5, 6, 7 and 8) for kinetic temperature 10, 20, 30 and 40 K for H,CCCC. Solid line is for y =10~° ¢cm—
(km/s)~! pc, and the dotted line for v = 10=* cm~2 (km/s)~! pc. Collision rates of the transition
211 — 111, and its reverse are reduced by a factor 2 with respect to that of the calculations from equations
(1) and (2).
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Figure 4: Same as the Figure 3, but the collisional rates of the transitions 312 — 111, 312 — 119, 312 — 212,
211 — 111 and their reverse are reduced by a factor 2 with respect to that of the calculations from equations

(1) and (2

).
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Figure 5: Variation of brightness temperature Tg (K), excitation temperature T, (K) and optical
depth 7 versus hydrogen density ng, of the lines 111 — 119 (columns 1, 2, 3 and 4) and 2;; — 2;2 (columns
5, 6, 7 and 8) for kinetic temperature 10, 20, 30 and 40 K for H,CCC. Solid line is for y =107% ¢cm—
(km/s)~! pc, and the dotted line for v = 10=* cm~2 (km/s)~! pc. Collision rates of the transition
211 — 111, and its reverse are reduced by a factor 2 with respect to that of the calculations from equations

(1) and (2).
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Figure 6: Same as the Figure 5, but the collisional rates of the transitions 315 — 111, 312 — 119, 312 — 212,

211 — 111 and their reverse are reduced by a factor 2 with respect to that of the calculations from equations
(1) and (2).
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Figure 7: Variation of brightness temperature Tg (K), excitation temperature T, (K) and optical
depth 7 versus hydrogen density ng, of the lines 111 — 119 (columns 1, 2, 3 and 4) and 2;; — 2;2 (columns
5, 6, 7 and 8) for kinetic temperature 10, 20, 30 and 40 K for H,CCO. Solid line is for v =1075 ¢cm—
(km/s)~! pc, and the dotted line for v = 10=* cm~2 (km/s)~! pc. Collision rates of the transition
211 — 111, and its reverse are reduced by a factor 2 with respect to that of the calculations from equations
(1) and (2).
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Figure 8: Same as the Figure 7, but the collisional rates of the transitions 315 — 111, 312 — 119, 312 — 212,

211 — 111 and their reverse are reduced by a factor 2 with respect to that of the calculations from equations
(1) and (2).
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