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Currently, nearly ten radio recombination lines are observed in the extremely extended C II regions
towards Cassiopeia A, G00-00, G05-00 and G10-00. The centimetre linewidths are formed owing to
the Doppler effect. The decametre linewidths are the result of combinations of the Doppler broadening,
radiation interaction and electron collision transition rate. The electron collision width is determined
in the impact approximation, which can be employed for highly excited atom states with the princi-
pal quantum and line numbers n in the case when 1.6 × 105 K/n2Te � 1, n > 500. The decametre
linewidth components are tabulated together with the calculated electron densities. The dimensions
of the C II regions are directly determined by using the steep dependence of the optical depth of
a centimetre recombination line on the electron temperature. Solving the optical depth problem and
having accounted for the spontaneous and collision transition rates in the balance equations, the highly
excited atom non-equilibrium radiation lines and populations are found as functions of the principal
quantum numbers in the diffusion or flux form solution approximation. The centimetre and decametre
lines observed and interpreted show that the C II regions may have huge dimensions and extremely
low electron densities.

Keywords: Low-frequency recombination line; Highly excited carbon atom; Extremely extended C II
region

1. Introduction

The carbon low-frequency radio recombination lines C201α–C686α and C732β–C868β form in
the extremely extended C II regions. These lines originate as a result of the transition from
the highly excited carbon atom states with principal quantum numbers that are equal to those
of the lines. The low-frequency lines result from the regions with low emission measures of
less than 1 cm−6 pc, and the velocities of the regions are directly determined experimentally.
Analysing the centimetre, metre and decametre radio recombination line data in detail, the
densities and dimensions of the C II regions may be determined to enable further studies of
the origin of the C II regions to be made.
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From theoretical models, the extended and compact C II regions originate from gas
interaction with ultraviolet radiation of wavelengths λ > 912 Å from the H II regions. These
C II regions are known as photodissociation regions [1–6].

So, the compact and extended C II regions are now studied. Here the new physics of the
C II regions observed in the low-frequency range are presented. These regions have huge
dimensions compared with those of the Galactic arm. The electron densities found using the
linewidth interpretation are much smaller than those of the extended C II regions. The electron
temperatures are much higher than those found in the extended C II regions.

The lowest-frequency carbon radio recombination lines were first detected as early as
1979. In further experiments, more than 50 lines were observed from 1984 to 2001 in the
extremely extended C II region towards Cassiopeia A. The centimetre and decametre lines
have been observed since 2000 in the Galactic plane C II regions. The carbon centimetre
radio recombination lines C201α–C270α are broadened owing to the Doppler effect. The lowest-
frequency lines are broadened because of a combination of the Doppler, radiation and collision
broadening effects. Since the Doppler linewidth component is experimentally found and the
radiation-induced linewidth component is calculated for the radiation temperature measured,
the collision linewidth component can be determined and the electron volume density may
be theoretically calculated in the impact approximation, which can be employed in the case
when 1.6 × 105 K/n2Te � 1, n > 500.

Interpreting the experimental intensity values of the radio recombination lines C201α–C229α

may allow fairly accurate determination of the dimensions of the C II regions, if the tempera-
tures of these regions are taken to be within the rangeTe = 200–400 K.The current experiments
are being carried out with the UTR-2 (Kharkiv, Ukraine), DKR-1000 (Puschino, Russia),
Giant Metrewave Radio Telescope (India) and National Radio Astronomy Observatory (USA)
instruments [7–13].

This paper aims to study the physical conditions in the extremely extended C II region
by analysing the linewidths and line intensities. The lines C630α–C868β are broadened owing
to the Stark effect [9, 14], since a highly excited carbon atom has a large dimension and a
collision interaction cross-section �νC ∝ n4, n ≥ 600, where �νC is the linewidth. When the
electron density has been found and the C270α–C273α line intensity data have been interpreted,
the dimensions of the C II regions can be approximately determined [11].

The carbon ion density is assumed to be equal to that of the electron volume and can be deter-
mined using the linewidth component interpretation of the carbon radio recombination lines
C570α–C868β. Recombination line collision broadening has been studied in [15–22] and inter-
preted in [14]. The collision cross-sections are determined in the so-called high-temperature
or impact approximation, which is employed when 1.6 × 105 K/n2Te � 1, n ≥ 600. The
collision widths are calculated by utilizing a dynamic model of a highly excited atom and
scattering electron in which the dipole interaction approximation can be accepted with very
high accuracy. For highly excited states with the principal quantum and line numbers n, the
highly excited state electron velocity is much smaller than that of a free electron, v0/nv � 1,
v0 = 2.18 × 108 cm s−1, and the collision dynamic problem is solved using the perturba-
tion theory approximation given in [14, 16, 17]. From these papers and having interpreted
the lowest-frequency radio recombination collision linewidth component, the electron vol-
ume density can be determined with the accuracy of δ = 0.2. So, in this paper the action
with the following dipole interaction potential is considered: (1/�)

∫ ∞
−∞ V dip dt � 1. In some

papers this integral is considered to be more than one; in the latter asymptotic case, the cross-
section formula should describe the multiple-resonance case, and it is evident that the collision
cross-section is much simpler for the highly excited atom than in this latter case.

To determine theoretically the dimensions of the C II regions, the centimetre line non-
equilibrium intensities are studied as functions of the electron temperature. To consider
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this problem, the highly excited atom balance equations are analytically solved for the
bn factors, which are the factors of departure from the local thermodynamic equilibrium
populations. There exist numerical and analytical approaches to the determination of the
atomic population [18, 23–25]. The collision and spontaneous transition rates are accounted
for in the population balance equations. The right-hand side of the balance equation repre-
sents photorecombination. The integral balance equation can be written in the diffusion form
owing to the transitions to the nearest states [25]. The non-equilibrium coefficient has a very
simple flux form in this case: n � 1, ∂bn/∂n ∝ 1/n7. This solution agrees well with that
of the numerical approach [23, 24]. The non-equilibrium coefficients found are used with
the centimetre recombination line interpretation. To explain the emission line observations,
the electron temperatures Te are chosen to be more than or equal to 200 K. To calculate the
dimensions of the C II regions as a function of temperature, the experimental data are taken
from [11, 13].

There are four sections in this paper. Section 2 is devoted to the interpretation of the radio
recombination linewidths for states with n = 570–580 and the densities of the C II regions.
The recombination line populations and optical depths are determined in section 3. Section 4
is devoted to conclusions.

2. The electron densities of the extremely extended C II regions as a result of the
interpretation of the radio recombination linewidths

To determine the electron densities of the extended C II regions towards CassiopeiaA, G00-00,
G05-00 and G10-00, let us analyse the metre and decametre linewidth data presented in [7–13].
The decametre radio recombination linewidth is a combination of the Doppler, radiation inter-
action and collision broadening effects. Since the Doppler and radiation interaction width
components are measured independently in centimetre experiments, the collision width com-
ponent can be calculated and the electron density found from experiments. The results of
the collision width determination are listed later in table 1. To calculate the electron density,
the collision width can be described using the impact approximation studied theoretically
in [14–17, 21, 22].

The Doppler and background radiation linewidth components are calculated from the experi-
mental data given in [10–13]. The centimetre lines n = 291–221 and n = 270–273 are narrow
owing to the Doppler effect. The radiation interaction width can be calculated, since the radia-
tion temperature is measured in the experiments and determined to be TR = 800 ± 100 K [11].
Evaluating the Doppler and radiation linewidths from the formulae in [18], the collision width
component can be determined from the effective width formula given in the same paper as

�νL = [(�νD)2 + (�νBG + �νC)2]1/2, (1)

where �νL is the linewidth, �νD is the Doppler linewidth, �νBG is the linewidth due to the
radiation interaction and �νC is the collision width.

Table 1. The low-frequency line parameters.

τ (10−4) �νL (km s−1)

G00−00 2.0 20.5
G05+00 2.3 21.2
G10+00 2.0 37.5
Cas A 3.8 10.5
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The background radiation interaction linewidth is determined by the formula in [18] as

�νBG = 0.789 × 1010 TR

3.2 × 105 K
(s−1), TR|n=273 = 800 K, (2)

where �νBG is the radiation interaction width, TR is the background radiation temperature
and n is the principal quantum and line number.

The collision width component can be described by the dipole interaction matrix element
calculated with the second-order accuracy of the perturbation theory and averaged with a
target distance and free-electron velocity; this dynamic equation solution is employed for the
collision width calculation, if the highly excited electron velocity is much smaller than the free-
electron velocity, (v0/nv)2 ∝ 1.6 × 105 K/n2T � 1; the impact approximation condition and
calculation accuracy have been discussed in [14–16, 21]. To find the electron volume density,
the collision linewidth can be written as a function of the principal quantum number as follows:

an,n+�n ∝ rn,n+�n

ρ

v0

nv
,

ωnρ

v
� 1,

WC
n (�n) = 〈vσn,n+�n〉,

σn,n+�n = 2π

∫ ∞

ρ0

dρ ρa2
n,n+�n,

�νC =
∞∑

�n=1

WC
n (�n)

= 4

3

(
1

2π

)1/2

1.18 Ne

(
m

kTe

)1/2 (
�

m

)2

n4

[
ln

(
n2Te

1.6 × 105 K

)
+ 1

2

]
(s−1),

1.6 × 105 K

n2Te
� 1, (3)

where an,n+�n is the dipole interaction matrix element, rn,n+�n is the highly excited atom
radius, ρ nd v are the scattering electron target distance and velocity respectively, σn,n+�n is
the highly excited atom cross-section, �νC is the collision width, WC

n (�n) is the collision
transition rate, n is the principal quantum and line number, Ne and Te (K) are the electron
volume density and temperature, respectively, m is the electron mass and k is the Boltzmann
constant.

In table 1, the experimental linewidths �νL and optical depths τ are listed for n = 273.
In table 2, the Doppler width components �νD are calculated for the results using the

data from [11, 13]. The background radiation width components �νBG are calculated for the
radiation temperature TR = 800 K found in the same paper. By using equations (1) and (3) the
electron volume density Ne is calculated for the extremely extended C II regions.

Table 2. The calculated low-frequency linewidth components.

�νD �νBG �νC Ne
(103 s−1) (103 s−1) (103 s−1) (10−2 cm−3)

G00−00 0.47 0.042 2.25 1.8
G05+00 0.47 0.042 2.35 2.0
G10+00 0.47 0.042 4.24 3.5
Cas A 0.47 0.042 3.40 2.8
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3. The dimensions of the extremely extended C II regions as functions of the
recombination line intensities

To calculate the dimensions of the C II regions, the intensities of the lines n = 270–273 are
studied as functions of the temperatures. The optical depth of the line can be calculated by the
formula given in [18, 26], which is a function of the temperature and amplification coefficient.
Let us write the optical depth of the line as

τn,n+�n = 1.1 × 10−3 fn,n+�n

n

(
104 K

Te

)5/2

bnβn

N2
e R

π1/2 �νD
,

fn,n+�n = 0.19n,

(4)

where τn,n+�n is the optical depth of the line n, which is known from experiments, R is
the dimension of the C II region determined in parsecs and bnβn is the line amplification
coefficient. The other parameters are determined in equation (3).

The amplification coefficients are found from the balance equation solutions calculated
analytically; the balance equations are written as follows [15, 18, 24]:

∑
�n=1

An+�n,nbn+�n − bn

∑
�n=1

An,n−�n +
�n=+1∑
�n=−1

WC
n+�n,nbn+�n − bn

�n=+1∑
�n=−1

WC
n,n+�n

= 1

n3

〈
vσ rec

n

〉 ( Te

1.6 × 105 K

)3/2 1

Nea
3
0

. (5)

The amplification coefficient is found in the balance equation diffusion approximation
[24, 25]:

∂bn

∂n
=

[
1

5n5

〈
vσ rec

n

〉 ( Te

1.6 × 105 K

)3/2 1

Nea
3
0

+ 1

n2
1

] (
1

1 + DC
n

)
,

DC
n = n3

A0

∞∑
�n=1

(�n)2

2
WC

n+�n,n, A0 = 0.789 × 1010 (s−1),

(6)

DC
n |n=n1 . = 1,

bnβn = bn − Ten
3

3.2 × 105 K

∂bn

∂n
,

n2Te

1.6 × 105 K
� 1, n � 1,

where DC
n is the diffusion factor, A0/n3 is the spontaneous transition rate and 〈vσ rec

n 〉 is the
photorecombination rate. The other coefficients are described in equations (3) and (4).

Equation (6) states that the amplification factor is inversely proportional to the electron flux
and diffusion coefficient. The equation solution is the sum of the general and partial solutions,
where 1/n2

1 is the constant for the general solution. For the temperature Te = 200 K the
amplification coefficients found analytically are smaller than those found numerically in [23];
these calculation differences are explained by the initial condition chosen in solution (6). It is
probable that in the numerical solution the initial condition for the general solution is taken
in the form 3/n3

1.
The dimensions of the C II regions are calculated using equations (4)–(6); these values

are listed in table 3. Since the centimetre lines are observed in the emission spectra, the
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Table 3. The dimensions of the C II regions.

R (103 pc)

Te = 200 K Te = 400 K

G00−00 0.40 0.96
G05+00 0.39 0.93
G10+00 0.14 0.56
Cas A 0.30 0.77

temperatures of the extremely extended C II regions should be high. In the second column of
table 3 the electron temperature Te is taken to be 200 K, and in the second column this value
is taken to be 400 K.

The decametre line intensities are found to be due to dielectronic recombination and are
formed in the absorption spectra; the highly excited atom populations are studied in this
case and have some other population distributions described in [24, 27, 28]. The amplification
coefficients are both the exponential and the power functions of the electron temperature, and
the inaccuracy in the temperature calculation may be very large because of the form of the
formula used.

4. Conclusions

The extremely extended C II regions are observed in the centimetre and decametre ranges.
Owing to experiment interpretation it is found that C II regions may have the very large
dimensions and low electron densities. Since the centimetre lines are detected in the emission
spectra, it may be shown that the electron temperatures Te of the C II regions are higher
than 200 K.

The extended and compact C II region models have been described in [1–5, 29]. In these
theoretical models, there are free parameters that may be determined more accurately. The
hydrogen volume density is assumed to be in the wide range 102 cm−3 < NH < 106 cm−3

and the electron temperature calculated in the range 60 K < Te < 100 K. These parameters
are found from C II 158 μm line detection. Currently, the C II 158 μm fine-structure line is
detected by the ISO experimental method [3].

In this paper the analytical analysis of the radio recombination linewidths and intensities is
presented to determine the physical parameters of the C II regions. With this goal the electron
densities are calculated using decametre radio recombination line collision broadening. The
line intensities are used to explain the electron temperatures and dimensions.

Radio recombination lines are studied experimentally in a wide frequency range; there are
the centimetre lines C201α–C273α , and the metre and decametre lines C570α–C686α and C860β–
C868β . These experiments have been carried out by the UTR-2 (Kharkiv, Ukraine), DKR-1000
(Puschino, Russia), Giant Metrewave Radio Telescope (India) and National Radio Astronomy
Observatory (USA) instruments [7–13].

From experiments the lowest-frequency radio recombination lines are broadened owing to
the Stark effect and the electron density is calculated as a result of the linewidth analysis.
The determination of the accuracy of the electron density depends upon the description of
the collision cross-section. The highly excited atom cross-section and collision linewidth
are calculated in the impact approximation, which can be employed in the case when 1.6 ×
105 K/n2Te � 1. The collision broadening values ares calculated from equation (3) and listed
with the radiation and Doppler widths in table 2.
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To find the dimensions of the C II regions, the centimetre radio recombination line intensities
are described as functions of the principal quantum number, temperature and amplification
factor in equations (5) and (6). The population equations are solved in the analytical diffusion
approximation forms represented by equation (5), and the bnβn factors can be considered
versus these numerically calculated values [23, 24]. The centimetre line optical depths were
experimentally found in [11, 13] and listed with the temperatures and calculated dimensions
for the C II regions in table 3.
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