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Currently, hydrogen and carbon radio recombination lines are observed from HII and CII regions.
To find the ionized gas physical conditions, the intensity interpretation analysis is carried out based
on the balance equation analytical solutions. The balance equations are formulated accounting for
the spontaneous and collision transition rates and photorecombination. The collision transition rate
is calculated in an impact approximation applicable for the highly excited atom states with numbers
n > 50. The balance equations are solved in a diffusion approximation for the departure coefficient
flow-like functions, which depend upon the principal quantum number or that of a recombination
line. The balance equation solution accuracy is determined by that of the transition rate. The diffusion
equation initial condition is shown to be a function of the principal quantum number for which the
non-equilibrium amplification coefficient has a maximum value. With the experimentally known state
number with the maximum amplification coefficient, the ionized gas electron density can be found
from the initial condition equation. The amplification coefficients analytically found are compared with
those numerically determined and discussed. Interpreting the non-equilibrium line optical depths, the
HII and CII region temperatures can be found, since the electron densities are calculated.

Keywords: Radio recombination lines; CII region; HII region; Highly excited atom populations

1. Introduction

The hydrogen and carbon radio recombination lines (RRLs) numbered Hioy — Hazo, Ho2es
Hissa, C201¢ — C2730, Cs700 — Cessa and Cgspp — Cgesp have been studied and show the
kinematics of the HII and CII regions due to the Doppler line shift.

Extragalactic RRLs were first detected in 1977 [1]. The RRLs numbered Hoy,, Hige, Were
studied from 1987 to 2002 and gave information about the velocity field of an ionized gas
in the starburst galaxies. These experiments motivated further interferometric observations of
the compact HII regions in many galaxies. Hydrogen RRLs are observed from the galaxies
Arp220, M82, M83, NGC 2146 and many others using the Very Large Array and IRAM 30 m
telescope [1-5].

The lowest-frequency carbon RRLs were first detected as early as 1979 [6, 7]. In further
experiments more than 50 lines were observed in the extended CII region towards Cassiopeia
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A from 1984 to 2001. The carbon centimeter RRLs numbered Cgo, — C270o are broadened
due to the Doppler effect. As follows from experiments, the lowest-frequency lines are broad-
ened due to a combination of the Doppler, radiation and collision broadening effects. Since the
Doppler linewidth component is experimentally found and the radiation-induced width com-
ponent is calculated for the radiation temperature measured, the collision line width component
can be determined and the electron volume density may be found theoretically by account-
ing for the impact approximation employed in the case 1.6-10° K/(n?T,) < 1,n > 50.
Interpreting the experimental intensity values of the radio lines numbered Crpoy — C2294,
the CII region temperature can be determined, since the electron density is calculated
and the CII region dimension is taken R = 1000pc. Current experiments are carried out
with the instruments UTR-2 (Kharkiv), DKR-1000 (Puschino), GMRT (India) and VLA
(USA) [6-12].

This paper aims to describe theoretically the RRL non-equilibrium intensities. The non-
equilibrium intensities are functions of the principal quantum number, medium density and
temperature. To calculate the density value, the collision transition rate is determined in an
impact approximation and this approximation case is valid for (1.6 - 105K /n?T,) < 1, where
n is the principal quantum number. The balance equations are solved in a diffusion approx-
imation, which is conditioned by the situation that the transition rates are the most probable
from the nearest levels. The solutions found are applied to interpret the hydrogen and carbon
RRLs observed in experiments.

The line intensity is known to be determined by the highly excited state population differ-
ence and spontaneous transition rate. The highly excited state populations are calculated with
the spontaneous and collision transition rates in the case of the lines formed in an astrophysical
plasma. The balance equations are studied and solved in [13—19]. There are two approaches to
the balance equation solution: numerical solutions are tabulated in [16] and an analytical solu-
tion is based on the flux-like formula for the departure coefficients [18, 19]. For the analytical
approach, the spontaneous and collision transition rates are written as smooth functions of the
principal quantum number with strong dependence on the difference in the quantum numbers,
since the principal quantum number changes. Describing the kinetic phenomena in this form,
the balance equation is written as a Fokker—Planck equation [20]. To show that the principal
quantum number change time is much longer than one transition time, the spontaneous transi-
tion rate is calculated as a function of the angular momentum quantum number. The transition
rates for small angular momenta are as small as (1/1n%) — 0. The most probable transition is
that to the nearest level. The collision transition rate is calculated using the impact approxi-
mation. This approximation applicability and accuracy are discussed in [18, 19,21, 22]. Since
the steep function is (1/An*), it is evident that collisions slowly change the atom state. The
balance equation in the diffusion approximation is a differential equation with the right-hand
side in the form of photorecombination, and it can be integrated in closed form. The general
solution can be determined by the initial condition, and the latter is determined in the form
(0b,,/dn)|y=n1 ~ (1/n1?) and is a maximum for some state n = n1. The non-equilibrium
factors b, B, have maximum as functions of electron density and weakly depend upon tem-
perature, the initial condition state n1 can be taken from the experimental data in which the
maximum b, B, factor is measured for the HII region of ionized gas. By using the initial con-
dition equation the electron density can be found as N, ~ (n1)~". From experiments using
Cassiopeia A the maximum amplification coefficient state can be chosen as nl = 350 — 400
to find the medium density [10, 11].

The calculation coefficients are compared with those already found [16]. The comparison
results are shown in tables 1 and 2. The initial state n1 is calculated with accuracy better than
5% in table 3, but the general solution initial condition given in [16] is twice as large as the
analogous value in this work. The collision diffusion coefficient is proportional to n’, since
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Table 1. The amplification coefficients for
T, = 10*K, N, = 10cm 3.

n 1 2 3
50 10.2 10.5 139
75 22.8 252 38.5

100 85.2 50.0 83.1

125 169.0 79.4 139.2

150 210.0 92.0 167.0

175 112.2 714 143.0

200 145.2 54.3 102.5

225 107.2 36.1 69.0

250 87.5 242 46.5

275 65.0 16.6 32.1

300 53.7 12.0 22.7

Table 2. The amplification coefficients for
T, = 10K, N, = 100cm .

n 1 2 3
50 12.0 13.6 20.3
75 61.0 36.1 60.6

100 118.9 60.8 109.0

125 102.0 55.0 102.1

150 734 338 64.1

175 51.3 19.3 37.1

200 36.2 114 22.1

225 27.8 7.1 14.0

250 19.0 4.6 9.1

275 13.7 32 6.2

300 11.1 2.2 4.6

the collision cross-section is proportional n* [22,23]. Then the diffusion approximation b, 8,
factors should be proportional to b, 5, ~ (1/ n°) and half the analogous value given in [16]
for the most highly excited levels with n = 300.

We show the applicability of the balance equation diffusion approximation by using M82
RRL observations. From the initial condition the HII region densities can be calculated with
the initial atom state nl1 = 110 £ 10. It is the state on which the amplification coefficient
has maximum value for the M82 gas. Since the electron densities are determined, the electron
temperatures can be found from the optical depth values. The distance to M 82 is approximately
3 Mpc and the resolution angle is about 0.6” [4], thus estimating the HII region dimensions
and calculating the RRL amplification coefficients, the region temperature is found from the
generally accepted non-equilibrium optical depth formula.

The electron density is a steep function of the initial principal quantum number, its deter-
mination accuracy depends upon the initial condition state determination. The value n1 is

Table 3. The nl parameter numerical and analytical calculation.

1 2
N, =10cm™3, 7T, = 10*K 145 150
N, =100cm 3, 7, = 10*K 105 100
N, =10cm™3, 7T, = 10°K 130 125
N, =100cm™3, 7, = 10K 90 95
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assumed to be found with accuracy 10%, thus the electron density can be calculated with
accuracy 50%.

The paper has five sections. Section 2 is devoted to the spontaneous and collision transition
rates. In section 3 the diffusion approximation is described and the balance equation is brought
to the diffusion form and solved. The initial condition is discussed and the solutions found are
compared with the numerical analogous values. In section 4 the experimentally found RRL
optical depths are interpreted and the HII and CII region electron densities and temperatures
are calculated. Section 5 is devoted to the main conclusions.

2. The spontaneous and collision transition rates

The aim of this section is to show that the most probable spontaneous and collision transition
rates are those for which the principal quantum number change is n —n’ = An = 1. The
spontaneous transition rate formula in the dipole approximation is well-known [24-26] and
can be written as follows

4(Anw,)?
3hc3

1+1/2)2
1_#, (1)

2

2
An,n+An = e I’An(l’l, €),

n

where w, is the transition frequency for the state with the principal and angular quantum
numbers 1, [; ra, (1, €) is the matrix element of the dipole component with the eccentricity ¢;
c is the velocity of light; 7 is the Planck constant; e is the electron charge.

If we assume that/ ~ n and due to transition the highly excited state changesn — n’ = An ~
n,then!’ ~ 1. Transitions with/ — I’ ~ n are multi-pole and the most probable transition rates
are proportional to the small parameter (Anwpn?/c)®" ~ (1/n)", n > 1. In the other case of
small /,1" [ ~ 1,1 — I’ = 1 the most probable transition rate is small due to the little statistic
weight of the small angular momentum number A, ,ya, ~ 21 + 1/ n?).

It is most probable that the spontaneous transition rates are determined by the angu-
lar momentum [/ ~ n, and having summed up formula (1) with angular momentum, the
spontaneous transition rate can be found

0.789 - 100

A ™hH, An=1, 2)

An,n+An -
where the values are determined in formula (1).

The highly excited atom has a large cross-section, which is proportional to n*, n > 1
and thus the collision transition rates determine the non-equilibrium factors in the balance
equations. Collisions are studied in the model of a highly excited atom and scattering elec-
tron with the interaction potential in a dipole approximation. This model cross-section is
described in the impact approximation with an accuracy that is determined by the condition
(1.6- 105K/n2Te) <« 1,n > 1. The scattering problem is considered in [17, 18,21-23,27].
The collision transition rate calculation is as follows

1 [e9)

aAn (na 8) - 7_7/ f dtvn,lH—An eXP(i Anwnt)a
—00

2 TAn (n,€)

m[cos 0 cosf’ — sin @ sin O’ (cos ¢ — sin ¢)],

VAn(na 8) =e
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where ax, (1, €) is the first-order perturbation theory coefficient; Va,(n, €) is the dipole poten-
tial with the atom radius ra, (1, €); 06’¢ are the angular coordinates of the atom and scattering
electron; ¢ is the atom eccentricity determined in formula (1); p, v are the target distance
and scattering electron velocity; oa, (1, €) is the atom cross-section; WACn (n) is the collision
transition rate summed up with the angular quantum number; N,, T, are the electron density
and temperature, correspondingly; m is the electron mass; k is the Boltzmann constant.

The collision transition rate is calculated in the perturbation theory approximation, since in
this approximation the coefficients a, (1, €) are found in the case in which the atom electron
velocity is smaller than that of the scattering electron.

Formulas (2) and (3) are written with semi-classical accuracy. For the highly excited
states with the numbers n = 50 — 100 the Gaunt correction formula is g, ,1an =1 —
0.1728(22/3 / n?3An??3) and is equal to 0.97. Thus the semi-classical matrix element
approximation is carried out with good accuracy [15].

3. The balance equation diffusion approximation
The non-equilibrium population factors are known to be determined by the spontaneous and
collision transition rates [13—19]. The highly excited electron source is photorecombination,

since this process is not compensated by photoionization in the optically thin medium [26].
The balance equations can be written as follows

— Ln4A
Z An+A11,nbn+An exXp (ﬂTH-ﬂ> — bn Z An,n—An
e

An=1 An=1
o0
E,—E, .
WC A bn ; n n+An
+ D Wan(+ Ambyianexp <—kTe
An=—00
o0
. 64 |m a()h
_bn WC ZWIECSmWreczN_ - Rt 3
Z \Anl(n) n n e 3 3 m o
An=—00
1.6 - 105K\ 2T, T,/1.6 - 105K)3/2
_ In e + 0.5772 ,S,,=( / 3 ) ,
n?T, 1.6 - 10°K 473/2a3 N, n3
1
N, = b,N*, ap =0.529 - 107 8(cm), @ = —, 4
> a0 (cm), o 37 “4)

where b, is the departure factor from the LTE population value N,; W, is the photore-
combination rate calculated using Kramer’s formula. The other parameters are described in
formulas (2) and (3).
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Since the spontaneous and collision transition rates are smooth functions of principal quan-
tum number, they are expanded in a Taylor series, as can be shown by an example of the
spontaneous transition rate as follows

( )2 82

AnJrAn nbn+An ~ An Anb + A}’l (An Anb ) + — 2 (An Anb ) + -

i AnAn,A,,,D,,z i MAn,An,

An=—00 An=—00 2
32 105KD 1.6-10° <1 5)
n — nSTe ns nzTe ’

where the parameters are described in formulas (1) and (2).
Balance equation (4) is transformed to the diffusion approximation equation and solved in
closed form as follows:

0 b,
— | Dn— ) = W,S,,
on on

b, ( w tc )
_ = _ W) ———,
o \5n2 1+2DC
64 [ aoh | 1
= — —_ 0 s
3V 3 m  4m32430.789 - 1010
c (An)? n’
b =3 W 05 ®

where C is the constant of the general solution, the other parameters are described in
formulas (1) and (2).

The general solution constant can be determined in the form ~ (1/n1?), since the partial
solution is proportional to (1/n%). The state n1 can be determined from the condition in which
the spontaneous transition rate is equal to that of collision. For the state n1 the non-equilibrium
amplification coefficients b, 8, are maximum. In this paper let us calculate C = 1. To calculate
the number n1, the initial condition equation can be written for the maximum value of the
(0b,,/dn)-factor as follows

2D$|n=nl =1, (7)

where D¢ is found in formula (6)

There are well-known numerical solutions in [16]. Let us compare the numerical solution
and that using formula (6).

We present the values calculated using formula (6) in tables 1-3.

In tables 1 and 2 b, B,,-factors are given for the different densities: column 1 givesthe values
found in [16]; in column 2 the values are calculated using formula (6) with constant C = 1;
in column 3 the values are determined with constant C = 2.

In column 1, results from [16] are detailed for the different temperatures and densities. In
column 2 the initial condition state numbers are calculated using formula (7).

It is evident that the initial condition state numbers chosen coincide. The insignificant
difference for n1 is calculated with accuracy 5%. The amplification coefficient difference can
be explained by the C constant choice. If we take C = 2, the maximum coefficients found
analytically differ from those found numerically by 10%. Some difference for n = 300 may
signify that in the numerical paper the collision transition rate is chosen in some other form.
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4. The observed data interpretation

Currently, the hydrogen recombination lines are observed from the HII regions in extragalactic
sources. These data are found by using the Very Large Array and IRAM 30 m telescope. The
line intensities and widths are represented in [1-5]. Let us interpret the recombination line
data for M82. The data represented in [4] are described in table 4.

Assuming the initial condition state number n1 = 110, it is easy to calculate the electron
densities in the HII regions marked E,,, E}, in table 4 and accounting for formula (7). The
region dimension is determined by taking into account that the source distance is Ry ~ 3Mpc
and angular dimension is 0.6”. The HII region temperatures may be calculated by the well-
known formula in [28] as follows

104K\ */?
T) NZR fA ———DbuBa. (8)

where 7, is the line optical depth; R is the region dimension; Avy is the Doppler centimeter line
width; b, B8, is the amplification coefficient. The other parameters are described in formulas (3),
(6) and (7).

The calculation data are represented in table 5.

The parameters in table 5 are described in table 4 and formula (8).

There are five HII region data which are shown in [4] and used for interpretation. To
find the electron densities, the Ela and E2a regions are chosen. The other region data of
the line optical depths differ from those shown here by less than 20%. The average HII
region electron densities calculated are found N, ~ 100cm>for the five regions. The HII
region temperatures are calculated with a better accuracy than that of the electron densities.
In table 5 the amplification coefficients are &~ 100, in [4] the same coefficients are smaller.
Thus the electron temperature estimations differ. Since the region dimension is determined
inaccurately, then the electron temperature will be found with inaccuracy greater than 100%.
This inaccuracy is principal and the M82 electron temperatures cannot be calculated with
higher accuracy.

The carbon RRLs in emission can be interpreted by using formulas (6,7). The experimental
intensity and width values of the radio lines numbered Csp9, — Ca29, are detailed in table 6,
the CII region temperature may be calculated by formula (8), if the CII region dimension is
taken R = 1000 pc, this choice is determined by the extremely low electron density and the
necessity to get a high value for the b, 8, -factors. The carbon observation experiments were
carried out with the instruments UTR-2 (Kharkiv), DKR-1000 (Puschino), GMRT (India) and
VLA (USA) [6-12].

7, =0.19 - 103<

Table 4. The RRL observation data.

Coordinates (1950) Peak Flux (mly) Width Avy (kms™!)
E>, 69°55'08"9" 51" 46 0.57 £ 0.03 121 + 37
Elq 69°54'0079" 51428 0.87 +0.07 90 + 18

Table 5. The HII region data.

nl Ne(em™) b, B, R T,(10*K)

Ey, 110 75 70 8.7 3.6
Eiq 110 75 70 8.7 4.4
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Table 6. The carbon RRL observation data.

77.(107%) Avy (kms™!)
G00-00 2.1 20.5
Cas A 3.8 4.1

Table 7. The CII region data.

nl Ne(em™3) buPa R T.(K)
G00-00 400 0.016 10 1000 300
Cas A 350 0.04 10 1000 500

The parameters in tables 6 and 7 are described in formula (8).

The density and temperature data in tables 5 and 7 strongly depend upon the initial condition
state number choice, which is written in the form to get high values for the b, 8,-factors.
From calculations using formulas (6) and (7) the beta lines numbered Hiiop — Hi125 and
C3s0p — Caoop are those with amplification coefficient higher than that of the alpha lines.
These lines may be observed as follows from the alpha line optical depth values and thus it
can be proved that the initial condition state number is chosen accurately and near its real value.

5. Conclusions

The velocity fields and physical conditions have been studied by ionized gas RRL observa-
tions. In this paper the non-equilibrium amplification coefficients are calculated to interpret
the densities and temperatures of the compact HII regions and extremely large CII regions.
To explain the non-equilibrium line emission, the balance equations are formulated and solved
analytically in the diffusion approximation.

The spontaneous and collision transition rates determine the highly excited atom popula-
tions. With this condition the balance equations were studied numerically in [13—16, 29, 30].
There is an analytical approach to the balance equation solution based on the diffusion descrip-
tion of the population flows. The balance solutions are described analytically in [17-19, 26].
The diffusion approximation is based on the condition that the most probable transition rates
are those which change the state n on n’ with An = 1, n 3> 1 . With this goal the radius matrix
elements are calculated in section 2. It is shown that the most probable transitions are those
with the angular momentum/ = n, the principal quantum numbers change by the rule An = 1
as follows from formula (2).

Since the collision transitions determine the populations on the most highly excited levels,
the impact approximation collision cross-sections with the transition rates are given by formula
(3) in which the accuracy of the calculation method is determined by the condition for the
temperature and level number (1.6 - 10°K/ nT,) <« 1.

Since the first diffusion coefficient is much smaller than the second B, = (3.2-
10°K/n*T,) D,,, the diffusion approximation equation has a particularly simple form and
its solution is the power function of principal quantum number by formula (6). The electron
source is photorecombination, which is not compensated by ionization in the optically thin
plasma. Thus the differential equation has the partial and general solutions. To chose the gen-
eral solution, it is shown that the general solution should be written in the form ~ (1/n12),
where n1 is the initial condition state number for which the spontaneous transition rates are
equal to those of the collision. The number n1 is calculated by equation 7.
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The numerical approach is compared with analytical solution. In table 3 the initial condition
state number is represented and differs from analogous value with the accuracy more than 5%.
In tables 1 and 2 the amplification coefficients b, 8, are written with those of a numerical value
in [16]. The analytical coefficients differ from those of the numerical value with accuracy 10%
for the maximum amplification coefficients. A remarkable difference can be seen for n = 300.
The analytical solution is much smaller due to the power function of electron flow for the most
highly excited levels b, 8, ~ (1/n°), as follows from formula (6).

Currently, hydrogen RRLs are observed from the HII regions in extragalactic sources. These
data are observed by using the Very Large Array and IRAM 30 m telescope. The Hypy, Hs3q
and Hyp, line intensities and widths are detailed in [1-5]. We interpret the RRL data for
MS2. The data represented in [4] is described in table 4. In table 5 the electron densities and
temperatures are represented for the ionized gas of the HII regions studied.

The carbon observation experiments are carried out with the instruments UTR-2 (Kharkiv),
DKR-1000 (Puschino), GMRT (India) and VLA (USA) [6—12]. The carbon intensities of RRLs
in emission can be interpreted by using formulas (6) and (7). The experimental intensity and
width values of the radio lines numbered Cygo, — C229, are given in table 6, the CII region
temperature may be calculated by formula (8), since the CII region dimension is taken as
R = 1000 pc, the extremely low electron densities and high temperatures are represented in
table 7. According to the centimeter line intensity data the CII regions have extremely low
electron densities and very large dimensions.
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