Collisional Transitions In
Interstellar Asymmetric Top
Molecules

%,

ﬁ" - Suresh Chandra
= ' Head,
/.j . Department of Physics,
Yy, ~ T School of Sciences,
— Lovely Professional University,
Phagwara 144402 (Punjab)

B _}
>
—

email-suresh492000@yahoo.co.in
mob- +91-9915519345



Heartiest thanks to organizers of IDMC 2011 for

providing me an opportunity to deliver this
Contributory Talk.

Support & Encouragement from the Lovely
Professioanl University, Phagwara 144402
(Punjab) India is thankfully acknowledged.



EE

« [t is well known that for the study of a molecule in a
cosmic object, we have to account for a multi-level
system in the molecule.

» These energy levels are connected through radiative
as well as collisional transitions.

« The NLTE effects in the molecule arrive in the
picture only when the collisional transitions are
present.
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Classification of Molecules

Each molecule has three mutually perpendicular axes
passing through the center-of-mass.

Moments of inertia about these three axes can be
calculated.

These axes are named as a, b and ¢ according to the
condition I, < I, < |,

For oblate top symmetric top molecules: I,= 1,< 1.
For prolate top symmetric top molecules: I, < I, = |,
For diatomic molecules: I, =0, I, =1,

For spherical top molecules: I, = I, = 1.

For asymmetric top molecules: I, <I,< I,

Large number of molecules in cosmic molecules are
asymmetric top molecules



a After the discovery of radio window in 1932, the first molecule OH was
identified in some cosmic objects in 1963. Since then more than 180 molecules
have been identified in the cosmic objects

List of molecules observed in interstellar space

Molecules of two atoms

AICI, CO, CP, CS, H, HD, HCI, N,, NH, AlF, C,, CH, CH*, CN, KCI, NO, NaCl, PN, SO*, SiN, NS, OH, SO, SiC,
SiC, SiS, CO+ NO+ HF, PO, FeO SH

Molecules of three atoms
C,H, C,S, Hy*, HCN, HNC, HCO, HCO*, DCO*, HNO, H,0, N,H*, OCS, SO,, HCS*, H,S, ¢-SiC,, H,D*, NaCN,
NaOH HDO CI: COZ, HCO+ CCS CHZ, N,O, CNO MgCN HOC+ SICN SINC MgNC D,H*, HCP CCD
DCN, DNC AINC

Molecules of four atoms
C,H,, I-C;H, c-C;H, C,0, HCNH*, H,CO, CH,, C;4N, C,S, H,CS, HNCS, HOCO*, H,0*, NH,;, HNCO, D,CO,
HC,N, H,CN, NH,D, C,H,, HCCH, c-SiC;, C,, HDCO, HDCS, ND,H, NCCN

Molecules of five atoms
C,Si, CH,CN, HCOOH, HC;N, H,CCO, H,NCN, CH,, c-C;H,, C,H, H,CHN, SiH,, C;HD, C,D, H,C.S, C;,
H,COH*, HCCNC, HNCCC, DC;N, CH,D, HCCCN, H,CCN, CH,NH, H,CCC



Molecules of six atoms

C,H,, CcH, CH;NC, C:0, CS, CH,CN, CH,OH, CH,SH, CH,C,, HCONH,, HC,CHO, HC,COH, H,C,,
NH,CHO, HC,NH*, CH,0D, H,C,N, H,COH, H,CCH,, CH,C,H, C.N, H,CCCC, HC,N, ¢-H,C,0

Molecules of seven atoms

CH,CCH, HC.N, H,H, CH,NH,, CH,CHCN, HCOCH,, CH,CHON, CH,CHOH, H,C.H,

Molecules of eight atoms

CH,C;N, HCOOCH,, CH,CHCHO, CH,COOH, (NH,),CO, C,H, C,H,NO, H,Cy, H,C,N,
CH,OHCHO

Molecules of nine atoms
CH,C,H, C,H:CN, (CH,),0, HC;N, C,H.OH, C¢H, H,C.H, CH,CH,CN, H(CC),CN,
CH;OCH,, C-H,

Molecules of ten atoms
C¢H;s;N, H;CCOCH,, CH,CH,CHO, CH,CN

Molecules of more than ten atoms:



o Why do we study molecules in cosmic objects?

1. It provides information about:
® Chemical reactions
® Physical conditions (pressure, temp, density etc.)

2. Molecular regions are associated with:
Star forming regions (Birth of stars)
Circumstellar regions of evolved stars (Death of stars)

There are number of cosmic objects which behave like a factory
of molecules.

o Molecules radiate IR, Microwaves, Radio waves



Besides the emission and absorption, two Anomalous
Phenomena:

1) Microwave Amplification by Stimulated
Emission of Radiation (MASER)

2) Anomalous absorption — Absorption against
the Cosmic Microwave Background (CMB)



Quasi-resonance collisional pumping in H,O masers

D.A. Varshalovich, W.H. Kegel & S. Chandra (1983)
Sov. Astron. Lett. 9, 209 (1983)

Prediction of maser emisison from H,O at 1.635 mm
and 922 |

S. Chandra, W.H. Kegel and D.A. Varshalovich
(1985) 148, 145.
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» Observation of a spectral line in absorption
against the CMB Is an unusual phenomenon.

» The intensity |, of a line generated in an
Interstellar cloud, with  homogeneous excitation
condition is

- Rayleigh - Jeans limit




r,— 0, we have T =Ty,

T, — o, we have Tg = T,

For anomalous absorption

0 < Ty < Tg < Ty

Variation of z, with Tg/T,, for T, /T, ;= 0.5
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For a molecule in LTE the population densities of energy
levels are related through the relation

» For Non-LTE the population densities of I AEUI
energy levels are related through the relation




Variation of (n /n,)/(n%/nY) versus T, for the line of 4.83 GHz at (T, =20 K).

» For anomalous absorption, T, Is In between the vertical
dotted lines (0 < T, < 2.73 K) and the brightness temp.
IS In between T, and 2.73 K (T,, < Tz <2.73 K).

» Negative value of excitation temperature corresponds to
the MASER action



Spectrum of H,CO Palmer et al.
(1969)

» H,CO is the first organic
molecule identified in a
number of cosmic objects
through its transition 1,, - 1,,
at 4.831 GHz. in absorption
(Snyder et al., 1969) .

» This transition 1,, - 1,, was
also observed in anomalous
absorption in a large number
of cosmic objects

(Palmer et al., 1969).



Spectrum of c-C;H, Maddan et al. (1989)



Modeling

In our model, the CMB is the only background to the
cosmic object under investigation

CMB 2.73 K Cosmic object Observer

Since the kinetic temperature in dark molecular clouds is rather
low, 10-20 K, only rotational transitions in the ground electronic
and ground vibrational states can take place.



Energy level diagram of para-C;H,



Set of linear equations coupled with equations of
radiative transfer is solved through iterative procedure.

Optically allowed transitions

Optically forbidden transitions

In order to include a large number of cosmic
objects where molecule may be found,
numerical calculation are carried out for wide
ranges of physical parameters

vy =n., /(dv, /dr) and hydrogen
density n,,,




Asymmetric top molecules

Depending on the direction of the electric dipole
moment, asymmetric top molecules are classified in to
a-type and b-type asymmetric top molecules.

a-type examples: H,CO, H,CS, etc.

b-type examples: H,0O, H,S, C;H, etc.

a-type molecule
b-type molecule



Treatment of asymmetric top molecules is quite
complicated as they have no preferential direction for
quantization and the energy matrix is non-diagonal.

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




Einstein A-Coefficients

»a-type radiative transitions are governed by the
selection rules

J:AJ=0,+£1
k., 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
a-type transition J'z'— Jr IS

C - the Clebsch-Gordon coefficient, g - expansion coefficients



b-type radiative transitions are governed by the
selection rules

J:AJ=0,+1
k,, K. : 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-coefficient for
b-type transition Jz' — Jr IS
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7 W 4 (2008)




The value of p? S (21 +1) for the transition 1,, — 1, is twice of that for the
transition 2., —2,, (through which the molecule was identified).
Hence, the transition 1,, — 1, has large probability for its detection.



Collisional rate coefficients

Computation of collisional rate coefficients is quite cumbersome
task. However, in absence of them, qualitative investigations can
be carried out by choosing some scaling laws for the rate
coefficients, which do not favour any anomalous behaviour from
their own.

In our investigation for some molecules, scaled values of the rate
coefficients for downward transitions C(J'z'— Jr) are used

For the upward transitions we have accounted for the fact that the
rate coefficients for downward transitions and upward transitions
are related through the detailed equilibrium equation
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‘\C ='- Collisional rate coefficient for the rotational transition
Jr — J't” at Kinetic temperature T, averaged over
Maxwellian distribution

where cross section o(Jt — J't |E) for the transition is given by

q(L,M,M'|E) are calculated by MOLSCAT

Collisional rates for asymmetric top molecules
S. Chandra and W.H. Kegel, Astron. Astrophys. Suppl. 142, 113-118 (2000)



MOLSCAT
 For are now using MOLSCAT, written by S. Green
and J.M.Hutson in FORTRAN language.
* |t has about 40000 lines

« MOLSCAT works only on Main Frame Computer.



» Optimization of molecule

Geometry of H,CS

Table 2: coordinates of atoms in H,CS in A

Atom X y z
S 0.0 0.0 0.585083
C 0.0 0.0 - 1.025413
H 0.0 0.920713 - 1.604425
H 0.0 -0.920713 - 1.604425

* Potential energy of H,CS = -437.5138022 eV
 Potential energy of He = -2.9145066 eV



We calculated the interaction potential between the molecule
and He using the method B3LYP and basis cc-pVTz.
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“Interaction potential between the H,CS and He atom

R 7] b Potential
45 0 0 -440.379128
45 15 30 -440.38251
45 45 60 -440.392736
45 60 90 -440.4003792
45 90 0 -440.4188597
4.5 120 30 -440.4124326
45 150 60 -440.209587
45 180 90 -440.2214068




« The potential is fitted in terms of the spherical harmonics:



Table. Values of the coefficients v, (R) of H,CS+He

Re Voo Vig Vao Vi Vag Vi

45 33502.66 -22658.55 30857.94 -4342.43 -15087.48 5951.42
5.0 14167.83 -9725.29 12977.89 -1821.00 -6351.28 2378.60
55 5725.21 -3992.57 5214.01 -749.38 -2573.22 942.30
6.0 2206.49 -1541.75 1987.89 -294.05 -1000.00 353.87
6.5 812.17 -557.74 715.24 -108.09 -366.59 124.08
7.0 290.73 -187.61 240.23 -35.49 -126.46 39.60
7.5 104.37 -53.23 81.34 -10.15 -37.90 10.81
8.0 36.19 -15.52 22.29 -1.62 -12.92 1.97
R® Vio Vi 2 Vso Vs Vsa

4.5 1587.34 -12251.19 655.87 4115.77 7387.12 -1388.57
5.0 657.45 -4892.31 223.24 1537.61 2825.58 -486.20
55 159.10 -1983.44 78.16 657.06 1117.75 -185.03
6.0 5.79 -179.67 23.51 275.63 431.01 -69.31
6.5 -12.08 -292.44 3.69 113.38 159.57 -25.42
7.0 -15.59 -103.21 -3.37 39.98 55.99 -5.25
7.5 -6.94 -32.64 -5.97 14.51 18.04 -2.43
8.0 -3.59 -9.19 -6.83 6.43 4.94 -0.23

aDistances in atomic units (1 au = 0.52917706 A) and energies in units of cm,
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 These are scaled values.

» \We want to improve collisional rates.



E. For anomalous absorption, the excitation temperature T,,, brightness
temperature TB and the background temperature T, satisfy the condition
0 < Te < Tg < Ty Here, the CMB temperature is 2.73 K.

Let us try to find out the requirement for the anomalous absorption for the
transition 1,, — 1.

For this transition, the levels of the doublet J = 1 are radiatively connected to the
levels of J = 2 doublet only, as shown in the following figure.

The radiatively allowed transitions between the levels are shown by the dotted
lines.
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In the optically thin limit ( ), for these four energy levels, the
statistical equilibrium equations may be expressed as the following

For anomalous absorption, we require n, < n,, showing that C,, < C,,.

This shows that the transition between the levels 1,;, and 1,, would show
absorption against the CMB provided C,, < C,.

Since our scaled values give C,, = C,;, we have to modify either C,,, C,; or both
of them in order to get anomalous absorption



RESULTS AND DISCUSSION

In the present investigation, we have taken y = 10° cm3 (km/s)1
pc and 10> cm=3 (km/s) pc.

The condition C,, < C,; can be produced either by increasing the
collision rates between the levels 1,, and 2,, by some positive
factor greater than 1 or by reducing the collision rates between the

levels 1,, and 2,, by a positive factor greater than 1 or by doing
both.



Figure 1: Variation of
brightness temperature
Tg (K) (column 1),
excitation temperature
Tey (K) (column 2)

and the optical depth

7, (column 3) versus
hydrogen density n,, for
Kinetic temperatures

of 10 K, 20 K, 30 K and
40 K for transition
1,,—1,, at 1.0465 GHz
of H,CS. Solid line is for
y=10"°cm=3 (km/s)! pc,
and the dotted line for

vy =10%cm=3 (km/s) ! pc.
For these results,

the collisional rates
between the levels
1,,and 2,, are increased
by a factor of 2.

The brightness
temperature T (K)
(column 4) is when

the rates for the
transitions with Ak, =0
are enhanced by a

factor of 10.



Figure 2: Variation of
brightness temperature
Tg (K) (column 1),
excitation temperature
T,, (K) (column 2)

and optical depth

7, (column 3) versus
hydrogen density n,,,
for kinetic temperatures
of 10K, 20 K, 30 K and
40 K for transition
1,01, at 1.0465 GHz
of H2CS. Solid line is for
vy =10"°cm=3 (km/s) pc,
and the dotted line for

vy =10"%cm=3 (km/s) 1pc.
For these results, the
collisional rates between
the levels 1,, and 2,;

are reduced by a factor
of 2. The brightness
temperature T (K)
(column 4) is when the
rates, for the transitions
with A k, =0 are
enhanced by a factor

of 10.



CONCLUSIONS

- We found that the 1,, - 1,, of H,CS may show anomalous absorption around
the density of 10 cm3,

» This transition may help in identification of the molecule in cool cosmic objects,
because the kinetic temperature may not be sufficient for generating the emission
spectrum.

* But, the anomalous absorption may be observed as the ground state is always
populated.

* Since the value of u?S(2l +1) for the transition 1, - 1, is quite large, the
transition 1,, - 1,, has large probability for its detection.
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Received 23 May 2009

Absorption against the Cosmic Microwave Background (CMB), called the anomalous absorption, is an
unusual phenomenon. The transition 14-1 at 4.829 GHz of formaldehyde (H2CO) was the first one

Received in revised form 10 August 2009 showing the anomalous absorption. The o-CiH; is the second molecule showing anomalous absorption
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through its transition 2.5-24; at 21.590 GHz. Structure af thioformaldehyde (H2C8) is very similar to that
af the HaCO. Therefore, we have investigated about the physical conditions under which the transition
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1y1- 1yp at 1.0465 GHz of H,CS would be found in anomalous absorption in cool cosmic objects, As in case
of HzCO, the anomalous absorption of 111-110 of H2CS is found sensitive to the relative collisional rates
and it requires that the collisional rate for the transition 13-2; must be smaller than that for the tran-
sition 1g-2 42.

© 2009 Elsevier B.V. All rights reserved.

Impact factor 1.732



H,CC

» For the study of H,CC, we could not find any laboratory information about it.

* In absence of that, the study is nowadays possible with the help of the theoretical
laboratories, such as GAUSSIAN, NWCHEM.

» Here, we used the software GAUSSIAN 03 to optimize the geometry of H,CC.
» We optimized the geometry by using the theory B3LYP/ cc-pVTZ. (Figure 1)
* It is an a-type asymmetric top molecule.

« Its electric dipole moment 2.4348 Debye along the axis of the lowest moment of
inertia.

Table 2: Optimized coordinates of atoms in H,CS in A Figure 1. Structure of H,CC

Atom X y z H
S 0.0 0.0 0.816338
C 0.0 0.0 - 0.474652 (' ® C
H 0.0 0.936624 | -1.025058
H 0.0 -0.936624 | -1.025058 H




« We calculated the interaction potential between the molecule and He
using the method B3LYP and basis cc-pVTz.

R 7] b Potential
45 0 0 -80.1064997
45 15 30 -80.1260498
45 45 60 -80.1897951
45 60 90 -80.2021556
45 90 0 -80.2010753
45 120 30 -80.1963195
45 150 60 -80.1633949
45 180 90 -80.1750294

 The potential is fitted in terms of the spherical harmonics:



R® Voo Vio Va0 Va2 V3o V2
4.5 17093.52 1555.73 12498.92 -1027.11 5465.83 3362.98
5.0 6895.03 983.55 5082.41 -401.98 2265.58 1187.22
5.5 2733.45 567.88 2074.90 -121.84 909.68 417.18
6.0 1037.23 313.72 782.29 -30.69 381.51 140.96
6.5 402.12 149.83 285.99 -2.67 146.30 41.47
7.0 170.41 66.86 100.27 3.79 54.77 9.24
7.5 86.30 29.84 35.83 3.35 17.40 .88
8.0 54.52 14.51 13.79 2.79 7.50 -.70
8.5 38.30 6.49 5.59 3.00 2.12 -1.27
9.0 29.79 4.57 3.54 1.69 .53 -.79
9.5 23.56 4.11 2.36 1.46 1.39 -1.15

10.0 20.00 1.81 .06 1.25 -.08 -1.11
R® Vio Vo Vg Vso Vs, Vsg
4.5 2258.02 -1149.35 398.53 2630.55 1321.91 -353.02
5.0 1044.25 -629.00 126.24 1162.38 339.01 -171.03
5.5 457.36 -199.33 42.27 429.43 95.88 -61.25
6.0 184.57 -70.97 13.45 159.78 41.25 -18.44
6.5 77.10 -18.92 1.87 56.18 13.79 -4.97
7.0 32.87 -2.68 -.94 19.98 4.42 -1.23
7.5 13.77 1.68 -1.95 6.58 .97 -.20
8.0 5.59 .89 -1.18 1.95 .70 -.66
8.5 3.13 1.44 -1.69 1.66 -.24 .52
9.0 -1.45 .88 -1.65 -1.35 .28 1.06
9.5 12 1.00 -1.49 -1.19 .03 .83
10.0 .66 1.01 -1.27 -.50 -.03 .50

aDistances in atomic units (1 au = 0.52917706 A) and energies in units of cm™?.



Figure 1: Variation of brightness
temperature T (K) (column 1),
versus hydrogen density n,, for
Kinetic temperatures of 10 K, 20
K, 30 K and 40 K for transition
1,, — 1, of H,CC. Solid line is
for y = 10° cm™ (km/s)™! pc,
and the dotted line for

y = 10%cm=3 (km/s)t pc. For
these results, the collisional rates
between the levels 1, and 2,, are
increased by a factor of 2. T (K)
(column 2) is when the rates for
the transitions with Ak, = O are
enhanced by a factor of 10. T,
(K) (column 3) of the transition
1, - 1; of H,CO where
rotational and  distortional
constants of Brunken et al.
(2003) are used. Ty (K) (column
4) is for the transition 1,, - 1,; of
H,CS where the rotational and
distortional constants of Maeda
et al. (2008) are used.
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Figure 2: Variation of brightness
temperature Ty (K) (column 1)
versus hydrogen density ny, for
Kinetic temperatures of 10 K, 20
K, 30 K and 40 K for transition
1,, —1,; of H,CC. Solid line is
fory=10"°cm=3 (km/s) pc,
and the dotted line for

vy = 10%m=3 (km/s)1pc. For
these results, the collisional rates
between the levels 1,; and 2, are
reduced by a factor of 2. T (K)
(column 4) is when the rates, for
the transitions with A k, = 0 are
enhanced by a factor of 10. T,
(K) (column 3) of the transition
1, - 1, of H,CO where
rotational and  distortional
constants of Brinken et al.
(2003) are used. T4 (K) (column
4) is for the transition 1,, - 1,, of
H,CS where the rotational and
distortional constants of Maeda
et al. (2008) are used.
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unusual phenomena. Structure of H,CC is very similar to that of H,CO and H,CS. Both H,CO and H,CS
have already been identified in a number of cosmic objects. Though H,CC is not yet identified in the cos-
mic objects, we propose that H,CC may be identified in cool cosmic objects through its transition
141 — 140 at 4.85 GHz in anomalous absorption.
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 To identify molecules in cool cosmic objects.

 To find out Physical conditions prevailing in the
cosmic objects.

» To get information about chemical reactions going on
In the cosmic objects.
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