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Accurate collisional rate coefficients for collisional transitions between 15 rotational levels of
methanimine, colliding with p-H, molecule, are available. Methanimine is a planar, asymmetric top
molecule having electric dipole moment with components p, 6 =1.3396 Debye and p, =1.4461
Debye, and thus, producing both the a and b type spectral lines of nearly equal intensities.
Therefore, all the rotational levels need to be considered together. Between 15 rotational levels, 105
collisional transitions are considered in an investigation by others. We have discussed that each level
is not connected with all others through the collisions, and therefore, there should be 77 instead
of 105 collisional transitions between 15 levels of methanimine. With availability of accurate
collisional rate coefficients, it is worth to perform the Sobolev analysis of methanimine. We have
found six weak MASER transitions, 1,-1,, 2,-2,,, 3,-3,;, 4,;-4,,, 3,;-2,, and 4,,-3 ,, and one
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transition 1,,-2,,, showing anomalous absorptlon These seven lines may play important role for the
methanimine.
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1. Introduction. Methanimine (CH,NH) is an important prebiotic mol-
ecules, as it is considered as precursor of glycine (NH,CH,COOH) [1,2]

CH,NH—2H 5 cr,NH, —92 5 CH,NH,COOH .

According to Strecker's synthesis [3], the methanimine can be produced through
the combination of ammonia (NH,) [4] and formaldehyde (H,CO) [5], which
are well known abundant species in the interstellar medium (ISM):

NH, +H,CO —> CH,NH +H,0.

Faure et al. [6] have calculated accurate collisional rate coefficients for
collisional transitions between 15 rotational levels of methanimine due to collisions
with p-H, molecule. They [6] have considered 105 collisional transitions between
15 levels, considering that each level is connected to all other levels through
collisions. By considering the symmetries, we have discussed that there should be
77 instead of 105 collisional transitions between 15 levels of methanimine.

Gorski et al. [7] have discovered methanimine megamasers toward compact
obscured galaxy nuclei at 5.29 GHz through the transition 1 -1,,. As the accurate
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collisional rate coefficients are available, we have performed the Sobolev analysis
of methanimine. Six weak MASER transitions, 1,-1,, 2,,-2,,, 3,-3,5, 4,;-4,,
3,-2,, and 4, -3, ., and one transition 1,,-2 ,, showing anomalous absorption have
been found. These seven lines may be found significant for the investigation of
methanimine.

2. Methanimine (CH,NH). The methanimine is a planar asymmetric top
molecule having electric dipole moment with components p, =1.3396 Debye and
n, =1.4461 Debye [8]. Thus, it has both a and b type radiative transitions of
nearly equal intensities. Godfrey et al. [9] have reported the first detection of
methanimine in gas phase in the molecular cloud Sgr B2 towards the Galactic
center. Subsequently, it has been found in Sgr B2 [10-15], in molecular cloud
L183 [16], in Orion-KL nebula [17-19], in W51 [17,18], in Ori 3N, G34.3+0.15
[17] in G10.47+0.03, G34.3+0.2, G31.41+0.3, G19.6-0.23, NGC6334F, DR21(OH)
[18], in G19.61- 0.23 [20], in IRC+10216 [21], and in ultra-luminous infrared
galaxy Arp 220 [22]. Bourgalais et al. [23] have predicted the existence of
methanimine in the atmosphere of Titan. The results of Yuen et al. [24] have
supported the formation of methanimine in the massive star formation regions.

In the terrestrial laboratories, the methanimine has been analyzed from time
to time [25-30]. The rotational and centrifugal distortion constants derived by
Motoki et al. [29] are used in the present work for calculation of energies of
rotational levels, and radiative transitions probabilities for the radiative transitions
between the levels. Sharma et al. [31] have investigated analytically weak MASER
action of I -1, transition of methanimine. Sil et al. [32] have performed the
chemical modeling for prediction of abundances of aldimines and amines in hot
cores. Luthra et al. [33] have predicted the gas-phase methanimine abundance in
cold cores.

2.1. Collisional transitions. The 15 rotational levels considered by Faure
et al. [6] and their energies are given in Table 1. The selection rules for the J
for non-radiative (collisional) transitions are:

AJ=0,£1,£2,£3,...
Table 1
LEVELS AND THEIR ENERGIES IN cm

No. | Level | Energy No. | Level Energy No. | Level | Energy

1 000 0.00 6 212 11.61 11 404 21.27
2 101 2.13 7 211 12.14 12 414 2591
3 202 6.40 8 303 12.78 13 413 27.67
4 111 7.52 9 313 17.74 14 21 28.29
5 110 7.69 10 312 18.80 15 220 28.29
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Let us consider the collisional transitions only for k, k_ levels. Each of the
pseudo quantum number, k, and k_can independently assume even (e) and odd
(o) positive integer values, including zero. When the electric dipole moment is
along the g-axis of inertia, the following collisional transitions for k k, are not
allowed.

(e, 0) © (0, e) (e, e) © (0, 0) (1)

(e,0) > (0,0)  (e,e) > (oe). ()
These rules divide the rotational levels into the ortho and para species. The
allowed collisional transitions are:

(0,€)<>(0,0)  (0,0)<>(0,0) (0,e)<>(0,e)  (GroupT) 3)

(e, 0) < (e, e) (e, 0) < (e, 0) (e, e) < (e, e) (Group II) 4)

The above can be verified from the papers published for a-type molecules.

When the electric dipole moment is along the b-axis of inertia, the following
collisional transitions for k, k are not allowed.

(e, 0) A (e, e) (0, e) © (0, 0) &)

(e, 0) © (0, 0) (o, e) o (e, e) 6)
These rules divide the rotational levels into the ortho and para species. The
allowed collisional transitions are:

(e, 0) © (o, e) (e, 0) © (e, o) (o, e) © (o, e) (Group III) @)

(e,e)> (0,0)  (e.e)e>(e,e)  (0,0)>(0,0)  (GroupIV). ®)
The above can be verified from the papers published for b-type molecules.
The present molecule methanimine has both a and b components of electric
dipole moment. Consequently, the transitions (5) are allowed due to b component
of dipole moment, and the transitions (1) are allowed due to a component of
dipole moment. However, still the transitions (6) and transitions (2) are not
allowed. These transitions (6 and 2) are the blank positions in Table 3.
Between these 15 levels, there are 35 radiative transitions (Table 2) and 77
collisional transitions (Table 3). In Tables 2 and 3, the first row indicates the
upper level and the first column indicates the lower level of transition. Cross
indicates transition between levels corresponding to the row and column of the
cross. Table 3 obviously indicates that each level is not connected to other levels
through collisions.

3. Details of model. For 15 levels, we have constituted 15 steady state
statistical equilibrium equations, coupled with 35 equations of radiative transfer.
The background of the cosmic object generating the lines is taken as the Cosmic
Microwave Background (CMB), which corresponds to the background temperature
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of 2.73K. Hence, no spectral line is supposed to have excitation temperature less
than 2.73 K. Further, details of the model is discussed by Chandra & Sharma

Table 2

RADIATIVE TRANSITIONS BETWEEN 15 LOWER ROTATIONAL
LEVELS OF METHANIMINE. CROSS INDICATES TRANSITION
BETWEEN LEVELS CORRESPONDING TO ROW AND
COLUMN OF THE CROSS

2 31415 6 7 8 9 10 | 11 12 | 13 14 15
1 X X
2 X X X X
3 X X X X X
4 X X X
5 X X
6 X X X X
7 X X
8 X X X X
9 X X X X
10 X X
11 X
12 X
13
14 X

Table 3

COLLISIONAL TRANSITIONS BETWEEN 15 LOWER ROTATIONAL
LEVELS OF METHANIMINE. CROSS INDICATES TRANSITION
BETWEEN LEVELS CORRESPONDING TO ROW AND
COLUMN OF THE CROSS

2 31415 6 7 8 9 10 | 11 12 | 13 14 15
1 X X | x X X X X X X X
2 X X X X X X X X X
3 X X X X X X X X
4 X X X X X X X X X
5 X X X X X X X X
6 X X X X X X X
7 X X X X X X
8 X X X X X
9 X X X X X
10 X X X
11 X X X
12 X X
13 X
14 X
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[34] and Sharma, Chandra [35,36]. When the excitation temperature of a spectral
line is less than 2.73 K, the situation is known as the anomalous absorption, i.e.,
the absorption against the CMB.

The required input data for the investigation are the radiative transition
probabilities (Einstein 4 and B coefficients) and the collisional rate coefficients
for the collisional transitions.

3.1. Collisional rate coefficients. Accurate collisional rate coefficients
have been calculated under the CoupledStates (CS) approximation by Faure et al.
[6]. Though these collisional rate coefficients are available for the kinetic tem-
perature T up to 30 K, but considering the highest value (28.3cm™) of energy,
we have used their data for 7=15, 10, 15K.

4. Results and discussion. On solving the set of statistical equilibrium
equations coupled with the equations of radiative transfer (Sobolev analysis), we
have obtained nonthermal population densities of the levels as a function of the
density of colliding partner p-H,, n, , kinetic temperature 7, and parameter
v[= 1, /(dv,/dr)], where n_, denotes the density of the methanimine, and
dv,/dr the velocitygradient in the molecular region. The Y is used as a parameter
in the investigation.

To make our results applicable to various types of cosmic objects, in the analysis,
we have considered wide ranges of physical parameters. The molecular hydrogen
density n, is taken from 10> to 10°cm™; the kinetic temperatures 7 are taken
5, 10, 15K. For y, we have taken two values as 10° and 10°cm™ (km/s)™ pc.
However, in Fig.1, we have plotted results for y =107 cm™ (km/s)" pc, as the results
for the two sets are very close to each other.

The excitation temperature 7, for a line between an upper level  and a lower
level [/ is expressed as

AE,

k ln(nugl /g, ) '
where n denotes the population density, g the statistical weight, k£ the Boltzmann
constant, and AE,, the energy difference between the two levels.

For low density in a region, the collisional rates are very small as compared
to the radiative transition rates, and the population densities of levels are governed
by the radiative transitions. Therefore, the excitation temperature tends to the
CMB temperature of 2.73 K.

One transition 1,-2, is found to show anomalous absorption i.e., the absorption
against the CMB. Information about this transition is given in Table 4, where we
have given the frequency, Einstein A coefficient, energy of upper level of transition,
and radiative life-times of upper and lower levels of the transition. For this

ex
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Fig.1 Variation of n g, /ng, versus molecular hydrogen density » i, for six transitions 1,-1,, 2, -
2, 3,-35 4,54, 3,2, and 4,-3,,, and variation of excitation temperature 7, (K) versus
molecular hydrogen density 7, for the transition 1 -2,,, for kinetic temperatures of 5, 10, 15K
(written at the top) for y = 107 ém™ (km/s)" pc. The solid line is for the present investigation. whereas

the dotted line is for the transitions considered by [6].
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Table 4

FREQUENCY v, 4 COEFFICIENT 4, ENERGY £ OF UPPER LEVEL,
RADIATIVE LIFE-TIME ¢ OF UPPER LEVEL AND ¢ OF LOWER
LEVEL FOR TRANSITIONS OF METHANIMINE

Transition v (MHz) A, s E, (cm’) 1, (s) 7, (s)
MASER lines
1,1 5290.123 1.546E-09 7695 | L77E+04 | LOTE+04
22" 15860.800 | 1391E-08 | 12137 | 13IE+04 | 5.58E+03
3,3, 31736418 | 5565E-08 | 18798 | 7.56E+03 | 3.07E+03
474" | 52880576 | 1546E-07 | 27674 | 409E+03 | I.SIE+03
32 35065696 | 1.621E-07 | 12777 | L59E+04 | 5.58E+03
4,-3 | 105794062 | S538SE-06 | 21267 | G3IE+03 | 3.07E+03
Anomalous absorption line
1,2, 33704.842 L63E-07 | 752 | LOTE+04 | S73E+04

anomalous absorption transition, the variation of excitation temperature 7, (K)
versus the molecular hydrogen density » , for the kinetic temperatures, written
on the top, is shown in Fig.1, uppermost row.

As expected, Fig.1 (uppermost row) shows that with the decrease of density,
the excitation temperature tends to the CBM temperature 2.73 K. The trough of
the transition is found around 10*°cm™, which shifts towards the low density with
the increase of kinetic temperature, as expected.

For the MASER action, population inversion (n,g,/n,g, >1) between the
upper level u and lower level [/ is required.

ML >1.
mg,
Further, the condition of larger radiative life-time of upper level as compared to
that of the lower level is a favourable condition. In the present work, we have taken
n,g,/mg,>1.2. It makes a little hard criteria for the MASER action. Six lines,
L1, 2,2, 3,735 4,574, 3,4-2,, and 4 ,-,,,, have been found to show the
weak MASER action. Information about these transitions also is given in Table 4.
For these MASER transitions, the variation of n,g,/n;g, versus molecular
hydrogen density n H, for kinetic temperatures of 5, 10, 15K, are given in Fig.1.
MASER action is in the region having n,g,/n,g, larger than 1. The peak of
MASER line is found shifted towards the low density region with the increase
kinetic temperature, as expected. The MASER action is found to decrease with
the decrease of kinetic temperature. At large densities, the population inversion
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is destroyed by the collisions.

In their investigation, Faure et al. [6] considered 31 radiative transitions. They
did not take four radiative transitions, 2,-1,, 2,-2,,, 2,-2,, and 2,-3 .. Further,
they assumed that each level is connected to all other levels through collisions.
Thus, they have 105 collisional transitions, whereas in our investigation, there are
77 collisional transitions. The basis of our 77 collisional transitions is the
consideration of the symmetries.

We have repeated our calculations for the transitions (31 radiative and 105
collisional) considered by Faure et al. [6] and the results are shown in Fig.1.
comparison of the two sets of results shows a very little variation. This very little
variation may be assigned to small values of collisional rates as compared to the
Einstein A coefficients. The contribution of four transitions, 2,-1,, 2,-2,,, 2,-2,,
and 2,-3, is not found significant, as they are connecting the highest two levels
whose population densities are very low.

The anomalous absorption transition 1,,-2,, and weak MASER transition
1,,-1,, have a common level 1. The appearance of these two anomalous
phenomena (anomalous absorption and weak MASER action) simultaneously may
be assigned to a large value 0.931-10™ s of Einstein A-coefficient for the

transition 1,,-0,,.

5. Conclusions. For 15 rotational levels of methanimine, we have discussed
that there should be 77 collisional transitions, instead of 105 taken by Faure et
al. [6]. It is also found that Faure et al. [6] have not considered four radiative
transitions, 2,-1,, 2,-2,, 2,-2,, and 2,-3.. A set of statistical equilibrium
equations coupled with the equations of radiative transfer has been solved (Sobolev
analysis), for wide ranges of physical parameters. We have found six lines, 1 -1,,,
2,72, 3,735, 4,74, 3,72, and 4 ,-31.3, having the weak MASER action and
one line, 1 -2, having anomalous absorption. Present results have been found
to vary very little when the transitions (radiative and collisional) considered by
Faure et al. [6] are taken. It may be because of the relative dominance of radiative
transitions over the collisional ones.

The anomalous absorption transition 1, -2, and the weak MASER transition
l,-1,,, connecting a common level 1, may be assigned to the large value

0.931-107* s of Einstein A coefficient of the transition 1,,-0,.
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METAHUMHWH B XOJIOJHBIX KOCMHNYECKHUX
OBBEKTAX C MCIIOJIb3OBAHMEM TOYHbIX
KOSOONUIMNEHTOB CKOPOCTU CTOJKHOBEHUWN

C.HAHPA!, M.K.IIIAPMA?

IIpencraBieHbl TOUHBIE KOA(MOUIIMEHTH CKOPOCTU CTOJIKHOBEHUI IS IIEPEXOI0B
Mexay 15 BpalaTebHbIMU YPOBHSIMM METAHMMMHA, CTAJIKMBAIOLLIETOCSI C MOJIEKYJION
p-H,. MeTaHUMUH TpEACTaB/ISET COOOM IUIOCKYI0 aCUMMETPUYHYIO MOJIEKYITY C
BJICKTPUYCCKUM ITUIIOJIbHBIM MOMEHTOM, MMECIOIIMM KOMIIOHCHTHI i, =1.3396
Hebast u p, =1.4461 [ebasg. OTo MPUBOAUT K OOPA30BAHMIO CHIEKTPATBHBIX JUHUN
TMIIAa @ U b C MOYTU OAUHAKOBOM WHTEHCUBHOCThIO. CleaoBaTebHO, BCE
BpalliaTeJIbHbIe YPOBHU HEOOXOAMMO paccMaTpuBaTh BMecTe. B mcciaegoBaHUsIX
JIPYTMX aBTOPOB IEePBOHAYAJIBHO paccMaTpUBaIMCh B 0OIIei ciaoxHocTu 105
MepexonoB Mexay 15 ypoBHSIMM MeTaHMMMHA. B maHHOI paboTe yYUTHIBAJIOCH,
YTO HE KaXKJIbIi YPOBEHD CBSI3aH CO BCEMU APYTMMU MOCPEICTBOM CTOJKHOBEHUIA,
U, CJIed0BaTeNbHO, NOJDKHO OBITh 77 BMecTo 105 mepexomoB Mexny 15 ypoBHIMU
MeTaHUMUHA. [Ipy HaTUUMU TOYHBIX KOI(MDEOULIMEHTOB CKOPOCTU CTOJKHOBEHUI
BaXXHO BHINMOJHUTH aHanu3 CoOojieBa misi MeTaHMMKUHA. B Xome aHanmm3a ObLIM
UIEHTU(DUIMPOBAHBI IECTh CIAObIX MasepHbIX mepexonos: 1 -1,,, 2,,-2,,, 3,,-3,;
4,.-4,, 3,2, n 4,,-3,,, a Takke omuH nepexox 1 -2, NEMOHCTPUPYIOLIMIA
aHOMAJIbHOE TIOTJIOLIEHWE. DTU CeMb JIMHUIM MOTYT WUrpaTh BaXHYIO pOJIb B
MOBEJACHUY METAaHUMMHA.

KitoueBnie cnoBa: M3C: mosekyavl: MEMAHUMUH: MA3EPbL: NEPEHOC U3AYYEHUS
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