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ABSTRACT

We have considered the formation of the luminescent subordinate HeI lines by the absorption of continuum radiation from a source in
the lines of the main HeI series in the expanding Universe. It is suggested that at some moment of time, corresponding to the redshift
z0, a burst of superequilibrium blackbody radiation with a temperature T + ∆T occurs. This radiation is partially absorbed at different
z < z0 in the lines of the main HeI series and then converted into the radiation of subordinate lines. If νi j is the laboratory frequency
of the transition of some subordinate line originating at some z, then in the present time its frequency will be ν = νi j/(1 + z). For
different z (and, consequently, for different ν), the quantum yield for the subordinate lines of para- and orthohelium - the number
of photons emitted in the subordinate line, per one initial excited atom and line profiles are calculated. Different pumping channels
were considered. Spatial and angular distributions of radiation intensity of luminescent lines for the spherically symmetric radiation
sources are presented. It is shown that for sufficiently large ∆T/T , the luminescent lines can be very noticeable in the spectrum of
blackbody background radiation.
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1. Introduction

In recent decades, the theoretical study of the epoch of primary
recombination in the early Universe has been of particular inter-
est in connection with high-precision observations of the temper-
ature and polarization anisotropy of the cosmic microwave back-
ground (CMB). To date, an extensive theoretical base has been
developed and a large amount of experimental material has been
achieved in this direction (Planck Collaboration XIII 2016). A
detailed study of the processes leading to the spectral-spatial dis-
tortions of the CMB is of particular interest (Chluba & Sunyaev
2012; Kurt & Shakhvorostova 2014). In particular, medium-
resolution spectroscopy of individual objects on the CMB bright-
ness map seems very important. What is new here is the tran-
sition from investigating the statistical CMB characteristics to
searching for and studying local phenomena and “protoobjects”.
The latter can be quite rare events that have virtually no influ-
ence on the average statistical CMB parameters, but at the same
time they give information about completely new physical laws.
Apart from more or less probable but still hypothetical objects,
there is definitely a whole class of local sources in the early Uni-
verse that can be individually investigated. These are the same
standard primordial CMB temperature fluctuations that are being
studied with such statistical care today. In fact, we are dealing
with some regions of space where there is a temperature increase
or decrease for some reason. It is very important that apart from
the spatial isolation of these regions, the temperature deviation
in them is, in addition, nonstationary. Depending on the forma-
tion mechanism of this inhomogeneity, the characteristic time of
its growth and decay can be different. With regard to such events
we can talk about a local burst model of fluctuations.

The main physical assumptions used in this paper are as
follows. In the Universe at all stages of its evolution there are
fluctuations of matter density and radiation. In our case, in the
standard theory of evolution, these fluctuations arise as a result
of the chaotic addition of weak sound waves in a radiation-
dominated hydrogen-helium plasma. The speed of these waves
is about half the speed of light. Therefore, these fluctuations in a
given region of space can be considered as fast-changing sources
by analogy with galaxies, quasars immersed in the intergalactic
medium (hydrogen-helium plasma). These “sources” have a size
determined by the spectrum of the scales of sound waves, the
lifetime, intensity and the radiation spectrum. The lifetime of
such sources is very small because of the high speed of sound.
Physically, this picture is similar to the picture of boiling water.
This radiation (the super-equilibrium part) under propagation in
the surrounding homogeneous medium from the source to the
observer undergoes scattering on free electrons, in lines of atoms
and ions, and redistribution of energy over the spectrum due to
the luminescence mechanism.

It is important to optimize the experimental search of new
effects using the magnitude and range of wavelengths. In con-
nection with this, it becomes important to consider second-order
effects in the inelastic scattering of superequilibrium photons.
The effect we have considered here is essential for the search of
primary CMB distortions formed at large redshifts. In previous
works (Dubrovich & Grachev 2016, 2018) the effects of inelas-
tic scattering in the resonance lines of hydrogen and helium were
described. The resulting distortions of the CMB spectrum lie in
the distant wing. This makes the task of detecting and inves-
tigating them in detail very difficult and almost impossible to
observe with ground-based equipment. In this work we present
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a calculation of quantum yield in resonance lines for the lumi-
nescence mechanism of excitation, which leads to the formation
of CMB distortions at the frequencies of subordinate transitions.
These frequencies can be almost two or three orders of mag-
nitude smaller than the original resonant frequencies, and the
corresponding CMB distortions are in the centimeter and mil-
limeter wavelength ranges at the present time. Ground observa-
tions in these ranges are available and do not require extraordi-
nary efforts, which significantly increases the probability of their
detection.

In order to calculate profiles of HeI luminescent lines aris-
ing due to absorption of continuum radiation from a source in
the lines of main series one has to solve the problem of radiation
transfer in these lines. In the range of redshifts z = 3000−4500,
where the luminescence of HeI lines occurs, an optical thick-
ness of the Universe in the first line of the main series (transition
11S − 21P) changes from 104 to 1. On the other hand the Uni-
verse is practically transparent for the lines of subordinate series.
So, the problem is formulated as follows. At some moment of
time corresponding to redshift z0 a source of continuum radiation
arises (bursts). This radiation begins to propagate in space under-
going scatterings on atoms and electrons. A part of radiation that
is absorbed by atoms in the lines of the main series converts into
subordinate lines radiation at each z 6 z0. If we neglect the width
of absorption coefficient profile regarding it as a delta function
δ(ν−νi j) in comoving frame of reference, where νi j is a frequency
of transition i ↔ j, then qi j subordinate photons with frequency
νi j arises per one photon absorbed in the line of main series.
Furthermore, these subordinate photons undergo only Thomson
scattering on electrons (without frequency change), spatial dilu-
tion and red shifting due to the Universe expansion. Finally they
are registered at the present day epoch (z = 0) on the frequency
ν = νi j/(1 + z). As a result an observed profile of a subordinate
line forms. Each point of the profile corresponds to a certain red-
shift and its width is much greater then the width of absorption
coefficient profile.

The method used in the present work for the estimations of
quantum yield qi j was first proposed in (Bernshtein et al. 1977)
for an arbitrary type of initial CMB distortions and applied later
in Dubrovich & Lipovka (1995), Dubrovich (1997) for the cal-
culations of CMB distortions from primary molecules. By defi-
nition, the quantum yield qi j is the ratio of mean number of pho-
tons of specified frequency emitted in transition from the upper
level i to the lower level j to the number of resonant photons
in the pumping channel. Then the luminescence intensity is pro-
portional to the pumping intensity and to the quantum yield qi j
depending on the nature of the trajectory of the excited elec-
tron over the levels. Below we extend the approach proposed
in Dubrovich & Grachev (2018) for the calculations of lumines-
cence intensity of para- and orthohelium subordinate lines with
the account of spin-flip transitions between triplet and singlet
helium states.

The paper is organized as follows. Section 2 is devoted to
the calculation of quantum yield qi j in the subordinate lines of
para- and orthohelium. In Sect. 3 the problem of radiation trans-
fer of HeI lines is considered. Spatial and angular distributions of
radiation intensity of luminescent lines for the spherically sym-
metrical radiation sources are presented. Results of numerical
calculations and discussion of them are given in Sect. 4.

2. Quantum yield in the subordinate lines

The following model of the formation of luminescent lines
is considered. At a certain moment in time, corresponding

to the redshift z0, an instantaneous burst of isotropic radi-
ation in the continuum occurs in the expanding Universe
(Dubrovich & Grachev 2015, 2016). This radiation is absorbed
at different redshifts z, giving rise to luminescent subordinate
lines.

Let νi j be the laboratory frequency of the transition aris-
ing at some z in certain subordinate line i → j. Then tak-
ing into account the redshift, the frequency of this transition is
ν = νi j/(1+z). We assume that z is large enough that the medium
is in local thermodynamical equilibrium (LTE), and the popula-
tion of the levels is determined by the Boltzmann and Saha equa-
tions. Additional population of the k level due to the absorption
of radiation from the source leads to a nonLTE distribution for
the population of atomic level, that is, spreading to other levels
under the action of background radiation. As a result of such a
process, a certain amount of super-equilibrium radiation in sub-
ordinate lines escapes from the matter. In other words, a lumi-
nescence occurs.

The intensity of the luminescent lines is proportional to the
quantum yield. The quantum yield can be found from the solu-
tion of the system of kinetic balance rate equations

dni

dt
= −ni

N∑
j=1

Ri j +

N∑
j=1

n jR ji (1)

where ni is the occupation number of ith level, Ri j is the prob-
ability coefficient (transition rate) for the transition i → j, t is
the time, N is the number of considered bound states. Sum over
i in Eq. (1) implies summation over the set of quantum num-
bers niS iLi, where ni is the principal quantum number, S i is the
total spin and Li is the angular momentum. Transition rates in
the presence of blackbody background radiation are given by the
following relations

Ri j =
Ai j

1 − exp
[
−

hνi j

kBT

] , (2)

for the transitions from the upper level to the lower one (Ei > E j)
and

Ri j =
g j

gi

A ji

exp
[ hνi j

kBT

]
− 1

(3)

for transitions from the lower level to the upper one (Ei < E j).
Here νi j =

∣∣∣Ei − E j

∣∣∣ is transition frequency in the laboratory
frame of reference, Ai j is the Einstein coefficient for the prob-
ability of spontaneous emission, gi is the statistical weight of
state i, kB is the Boltzmann constant and T is the radiation tem-
perature associated with the redshift parameter z by the rela-
tion T = T0(1 + z), where T0 = 2.725 K is the present CMB
temperature.

It is convenient to rewrite Eq. (1) in terms of Menzel factors
(Kaplan & Pikelner 1970)

bi = ni/nLTE
i , (4)

where nLTE
i is the equilibrium population of level i given by Saha

equation

nLTE
i = nenc

gi

4

(
2πmekBT

h2

)−3/2

eEion
i /kBT . (5)

Here ne is the electron number density, nc is number density of
helium nucleus, h is the Planck constant, me is the electron mass
and Eion

i is the ionization energy for electron in state i. Then
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using Eq. (4) and taking into account that nLTE
i Ri j = nLTE

j R ji sys-
tem of rate Eq. (1) takes the form

dbi

dt
= −

N∑
j=1

Ri j(bi − b j). (6)

We looked for corrections to equilibrium populations, meaning
that we sought the solution of Eq. (6) in the form 1 + ∆bi. Obvi-
ously, the system of equations for corrections ∆bi has the same
form as for the populations themselves. Therefore below we will
understand bi as corrections to populations. For the boundary
conditions we should set the Menzel factors at initial moment of
time t = 0. Since luminescence arises upon absorption of radia-
tion in the line 11S → k2S k+1P (k = 2, 3, 4 . . . ) these conditions
are: bi(0) = 0 if i , k and bk(0) = 1 if i = k. Then the system of
rate Eq. (6) can be solved numerically. We note that in Eq. (6) we
neglect bound-free transitions. This approximation can be justi-
fied by the different initial conditions for the problem of lumi-
nescence, in contrast to the problem of ordinary recombination
Bernshtein et al. (1977). For the latter case these conditions are:
bi(0) = αi (αi is the recombination coefficient to the state i). In
the case of luminescence only a small part of atoms excited at
t = 0 to state k2S k+1P (k = 2, 3, 4 . . . ) can be again ionized and
therefore bound-free transitions play a less important role for our
estimations of quantum yield in subordinate lines.

By the definition, the quantum yield in the transition between
the upper level i and the lower level j is the number of uncom-
pensated transitions in this line per one initial excited atom in
the pumping line. Since we assumed that the Menzel factor for
the upper level of pumping line is bk = 1 at t = 0, then the pop-
ulation of this level is nLTE

k , i.e., given by Saha Eq. (5). Finally
the number of uncompensated transitions (quantum yield) in line
i → j is obtained by multiplying corresponding term in system
(6) by nLTE

i

qi j =
nLTE

i

nLTE
k

Ri j

∞∫
0

(
bi(t) − b j(t)

)
dt. (7)

During the establishment of equilibrium after an initial popula-
tion, transitions to the ground state in the lines of the main series
can occur. The optical thickness of the medium can be very large
for these transitions in contrast to the subordinate lines. A pho-
ton in the line of the main series can scatter many times before
either “dying” due to fragmentation into photons in subordinate
lines, or leaving the scattering process due to Doppler shift in
the line wing as a result of the Universe expansion. The latter
circumstance can be taken into account by multiplying the cor-
responding term in Eq. (6) by the Sobolev escape probability
(Seager et al. 2000)

p ji =
1 − e−τ

τ
, (8)

where τ is the optical length in the line

τ =
AE1

i j λ
3
i j

8πH(z)

[
n j
gi

g j
− ni

]
· (9)

Here λi j is the transition wavelength, c is the speed of light, H(z)
is the Hubble factor:

H(z) = H0

(
ΩΛ + ΩK(1 + z)2 + Ωm(1 + z)3 (10)

+Ωrel(1 + z)4
)1/2

.

Table 1. Parameters of the cosmological model used in the present cal-
culations (Planck Collaboration XIII 2016).

Description Symbol Value

Total density Ωtot 1
Dark energy density ΩΛ 0.6911

Baryon density Ωb 0.0486
Dark matter density Ωc 0.2589

Nonrelativistic matter density Ωm 0.3089
Relativistic matter density Ωrel 9.07 × 10−5

Hubble constant H0 67.74 km s−1 Mpc−1

Present temperature of CMB T0 2.725 K
Hydrogen mass fraction X 0.76
Helium mass fraction Y 0.24
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Fig. 1. Quantum yield q in the line 21P − 21S for the different pumping
channels 11S → k1P (k = 2, 3, 4, 5) with the accounting for spin-flip
transitions. The lower horizontal axis is a redshift, the upper one is the
frequency ν = ν21P,21S /(1 + z) in GHz, where ν21P,21S is the laboratory
transition frequency.

Parameters H0, ΩΛ, Ωm, Ωrel in Eq. (10) are listed in Table 1 and,
following (Seager et al. 2000), we consider Ωtot = ΩΛ + ΩK +
Ωm + Ωrel = 1 and ΩK = 0. For the ratio of populations in square
brackets in Eq. (9), the Boltzmann equation was used. The popu-
lation of the ground state was calculated from the Boltzmann and
Saha formulae. Calculations showed that for large τ, accounting
for opacity in the lines of the main series significantly affects the
quantum yield in the subordinate lines.

We considered a model of a helium atom with 15 singlet
states and 14 triplet states (N = 29 in Eq. (6)) with main quan-
tum numbers n 6 5 and angular momenta L 6 4. The spin-flip
electric dipole transitions (E1) in subordinate lines were taken
into account as well as two-photon 21S → 11S + 2γ(E1) and
one-photon 23P → 11S + γ(E1) transitions. The wavelengths,
Einstein coefficients and ionization energies were taken from
(Wiese & Fuhr 2009; Drake 1996; Zalialiutdinov et al. 2016).
All results were checked for convergence.

We find that the accounting for spin-flip transitions, partic-
ularly 23P → 11S + γ(E1) and 23P → 21S + γ(E1), signif-
icantly affects the quantum yield in 21P − 21S line within the
interval z = 2000 − 2700, see Fig. 1. The relative difference for
the quantum yield in this line calculated with and without the
accounting for spin-flip transitions is presented in Fig. 2. We can
conclude that efficiency of absorption in 21P− 21S line with ini-
tial pumping in 31P, 41P or 51P states rise up for z = 2000−2700
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Fig. 2. Relative difference ∆q/q = (q − q′)/q′ for the quantum yield in
the line 21P − 21S calculated with (q) and without (q′) spin-flip transi-
tions. Four different pumping channels 11S → k1P (k = 2, 3, 4, 5) are
presented.
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Fig. 3. Quantum yield q in the line 23P − 23S for pumping chan-
nel 11S → 23P with the accounting for spin-flip transitions. The
lower horizontal axis is a redshift, the upper one is the frequency
ν = ν23P,23S /(1 + z) in GHz, where ν23P,23S is the laboratory transition
frequency.

in comparison with previous calculations (Dubrovich & Grachev
2018). It is important to note that this period corresponds to red-
shifts where recombination HeI occurs.

In Figs. 3–5 we present the quantum yield in different subor-
dinate lines which is the same order as in 21P−21S line (Fig. 1).
The quantum yield in other HeI subordinate lines is found to be
several orders of magnitude smaller and therefore is not of our
interest.

3. Radiative transfer in HeI lines

In the considered model of local bursts an influence of spa-
tial dilution and multiple Thomson scattering should be taken
into account twice: firstly for propagation of a source contin-
uum radiation from the moment of burst (at z0) to the moment
of absorption (at some z < z0) in the lines of the main series
and secondly for propagation of subordinate line radiation (aris-
ing at z as a result of luminescence) from the moment z to
the moment z = 0. But as we see, an interval of z defin-
ing the main part of the profile is small enough and it is in
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Fig. 4. Quantum yield q in the line 23P − 23S for the different pumping
channels 11S → k3P (k = 3, 4, 5) with the accounting for spin-flip
transitions. The lower horizontal axis is a redshift, the upper one is the
frequency ν = ν23P,23S /(1 + z) in GHz, where ν23P,23S is the laboratory
transition frequency.
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Fig. 5. Quantum yield q in the line 41D − 31P for pumping chan-
nel 11S → 31P with the accounting for spin-flip transitions. The
lower horizontal axis is a redshift, the upper one is the frequency
ν = ν41D,31P/(1 + z) in GHz, where ν41D,31P is the laboratory transition
frequency.

the range of fairly large z > 3000 where radiation is almost
purely trapped due to small free path length both for scattering
in lines of the main series and for Thomson scattering. So in the
first case we may neglect an influence of dilution and Thom-
son scattering. In the second case this influence does not depend
on the moment of source appearance as our calculations show
Grachev & Dubrovich (2011), Dubrovich & Grachev (2015). It
should be stressed that frequency profiles of luminescent lines
lines form at the moment of their creation (at some z) but their
angular and spatial distributions form afterwards in the process
of multiple scatterings on electrons on the way from the moment
of creation to the moment of registration.

The considered problem can be “factorized” as follows. First,
we obtained solution of space-independent problem: namely we
calculated line profile of luminescent line for a source of con-
tinuum radiation homogeneously distributed in infinite space.
Then we find the dilution factor and angular distribution of radi-
ation due to multiple scattering on electrons for a source of finite
size. Solution of space-independent problem gives an upper limit
for luminescent line intensity. Thus for the case of spherically
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symmetrical source an intensity of radiation in some subordinate
line (transition i ↔ j) registered at present-day epoch (z = 0) at
the distance r from a source center and at the angular distance θ
from center direction may be written as

I(ν, θ, r) = Ii j(ν)a(r)χ(θ, r), (11)

where ν = νi j/(1 + z), Ii j(ν) is a solution of space-independent
problem, a(r) is a dilution factor, χ(θ, r) is an angular distribution
of radiation.

Space-independent distribution of radiation intensity is
found from solution of nonstationary radiation transfer equation
in a homogeneous expanding Universe which has the form

H(z)
[
(1 + z)

∂i(ν, z)
∂z

+ ν
∂i(ν, z)
∂ν

]
= c k(ν, z)[i(ν, z) − s(ν, z)]. (12)

Here i(ν, z) and s(ν, z) are dimensionless (measured in the mean
occupation numbers of photon states) specific intensity and
source function respectively, k(ν, z) is a volume absorption coef-
ficient, H(z) is the Hubble factor.

The formal solution of this equation – the solution for a
given source function s(ν, z) in the righthand side was obtained
in Dubrovich & Grachev (2004). We consider radiation transfer
in line (transition i ↔ k) assuming complete frequency redistri-
bution (CFR) under scatterings. Then a source function does not
depend on frequency (s(ν, z) ≡ s(z)) and the formal solution in
a narrow line approximation when a profile of absorption coeffi-
cient is replaced by delta function: ϕ(ν) = δ(ν−νik), has the form
Dubrovich & Grachev (2004)

i(νik, z) = F(νik/(1 + z))e−τ(z) + s(z)
[
1 − e−τ(z)

]
. (13)

where νik is the laboratory frequency of atomic transition,
F(ν/(1 + z)) is the initial (at z = z0) radiation intensity and τ(z)
is the Sobolev optical length given by Eq. (9).

Furthermore, we considered a problem of scattering of black-
body radiation (with temperature T + ∆T for a fixed ∆T/T ) on
a spectral line in a medium with a temperature T = T0(1 + z).
In this case for a given single-scattering albedo λ(z) the initial
intensity of radiation and the source function are

F(νik/(1 + z)) = b(νik,T + ∆T ), (14)

and

s(z) = λ(z)
∫ ∞

0
ϕ(ν)i(ν, z)dν + [1 − λ(z)]b(νik,T ), (15)

respectively. In Eq. (15) the second term in the righthand side
describes primary (thermal) sources of radiation in a medium
with the temperature T = T0(1 + z) and

b(ν,T ) =
(
ehν/kT − 1

)−1
. (16)

In a narrow line approximation Eq. (15) can be written as

s(z) = λ(z)i(νik, z) + [1 − λ(z)]b(νik,T ), (17)

Eliminating the source function s(z) from Eqs. (17) and (13) and
taking into account that F(νik/(1+z)) = b(νik,T +∆T ) in Eq. (13)
we obtain

i(νik, z) − b(νik,T + ∆T ) = −[b(νik,T + ∆T ) − b(νik,T )] P(z), (18)

where

P(z) =
[1 − λ(z)][1 − e−τ(z)]
1 − λ(z) + λ(z)β(z)

· (19)

and β(z) = e−τ(z). However, a more accurate consideration, which
we do not present here because of its complexity, gives for β the
following expression

β(z) = [1 − e−τ(z)]/τ(z). (20)

We note that β is the probability of photon escape from the
process of scattering in an infinite homogeneously expanding
Universe. The righthand side of Eq. (19) consists of the mul-
tipliers with an obvious physical sence, namely they are: pho-
ton “death” probability per scattering, the probability of photon
absorption in a medium and mean number of photon scatterings
Chluba & Sunyaev (2009).

Furthermore we used equations obtained above to calculate
the intensity of HeI subordinate lines arising as a result of con-
tinuum radiation absorption in the lines of the main series (tran-
sitions 11S − k1P, k = 2, 3, 4). In Sect. 2 we describe how we
calculated quantum yield qi j(z) in some HeI subordinate lines.
Energy (in units of specific radiation intensity: erg/(cm2 s Hz
sterad)), absorbed in the line 11S − k1P is given by the right
hand side of Eq. (18) multiplied by the factor 2hν3

11S ,k1P/c
2.

Dividing this energy by hcν11S ,k1P we obtain photon concentra-
tion per unit frequency interval and unit solid angle. Multiplying
this concentration by 4π and by the width of frequency distribu-
tion (which can be considered as Doppler one ∆ν = ν11S ,k1P u/c,
u =
√

2kBT/matom) we obtain photon concentration in the corre-
sponding line of the main series. Further we multiply this con-
centration by qi j(z) to find photon concentration in considered
subordinate line. Finally, multiplying it by hνi jc and dividing by
4π and by ∆ν = νi ju/c we find the radiation intensity in this
line

Ii j(ν) =
[
B(ν11S ,k1P,T + ∆T ) − B(ν11S ,k1P,T )

]
× P11S ,k1P(z)qi j(z), (21)

ν = νi j/(1 + z) (22)

Here B(ν,T ) is the intensity of BBR radiation. We defined the
profile of radiation intensity in the line as I/B ≡ Ii j(ν)/B(νi j,T ).
Then according to Eq. (21) we find

I/B =

(
ν11S ,k1P

νi j

)3 b(ν11S ,k1P,T + ∆T ) − b(ν11S ,k1P,T )
b(νi j,T )

× P11S ,k1P(z) qi j(z). (23)

Here b(νi j,T ) = b(ν,T0) according to Eq. (16) with ν = νi j/(1+z)
and T = T0.

The factor P11S ,k1P(z) in Eq. (23) depends on the single-
scattering albedo λ in 11S − k1P line of the main series. Taking
into account spontaneous and induced transitions in the field of
blackbody radiation with the temperature T we have

λ11S ,k1P = Rk1P,11S /

 N∑
n=1

Rk1P,n1S +

N∑
n=3

Rk1P,n1D + Rk1P,c

 . (24)

where Rk1P,c is the coefficient of photoionization from k1P state
and N is the number of considered states.

Calculations were performed using the cosmological param-
eters listed in Table 1. The profiles for the luminescent lines
11S − k1P (k = 2, 3, 4) at different ratios ∆T/T are presented
in Figs. 6–8.

We note the nonlinear dependence of profiles on the varia-
tion of the source temperature. It is interesting also to note trans-
formation of a summary (with an account of all main pump-
ing channels) profile from the emission profile to the absorp-
tion profile with the growth of ∆T/T . This transformation points

A29, page 5 of 7



A&A 619, A29 (2018)

sum

k=2

k=3

k=4

2500 3000 3500 4000 4500 5000

-0.5

0.0

0.5

1.0

30.035.040.045.050.055.0

z

I/
B
,
1
0
-
8

ν, GHz

Fig. 6. Profiles of the 21P − 21S line at ∆T/T = 0.01 for the three
pumping channels: 11S → k1P (k = 2, 3, 4) and the total profile (sum
curve).
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Fig. 7. Profiles of the 21P− 21S line at ∆T/T = 0.1 for the three pump-
ing channels: 11S → k1P (k = 2, 3, 4) and the total profile (sum curve).

out the predominance of the pumping channels to the states
31P and 41P which make the considered line to be absorp-
tion one in contrast to the pumping channel 11S → 21P (see
Fig. 1).

According to Figs. 6–8 the main part of the profile of the con-
sidered subordinate line is formed in the region 3000 < z < 5000
where as it was pointed above one may use Eq. (11). The prob-
lem of propagation of radiation burst with the account for multiple
Thomson scattering on electrons in the expanding and recombin-
ing universe was solved earlier in Dubrovich & Grachev (2016),
Grachev & Dubrovich (2011) where spatial and angular distribu-
tions of radiation intensity were calculated for spherically sym-
metrical sources with different initial sizes arising at different z.
In Figs. 9–11 the spatial distributions of the angle averaged radi-
ation intensity

J(r) =
1
2

∫ π

0
I(r, θ) sin(θ)dθ (25)

are presented. Figures 10 and 11 show the angular distribu-
tions χ(θ) = I(r, θ)/I(r, 0) at the present day epoch (z = 0)
for the sources of different initial sizes (at the burst moment
z0), but for equal numbers of emitted photons. In the range
z0 = 3000 − 5000 these distributions are practically inde-
pendent on z0. From Fig. 9 it is clear that spatial distribu-
tions of the radiation intensity for sources with sizes r∗ = 5

sum
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Fig. 8. Profiles of the 21P−21S line at ∆T/T = 1 for the three pumping
channels: 11S → k1P (k = 2, 3, 4) and the total profile (sum curve).
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Fig. 9. Spatial distributions of angle averaged radiation intensity at the
present-day epoch for the sources with different initial characteristic
radiuses r∗ (in Mpc).
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Fig. 10. Angular distributions of the radiation intensity χ(θ) at different
distances r (in Mpc) from the center of the source at the present day
epoch. The characteristic radius of the source at the moment of the burst
is r∗ = 50 Mpc.

and 10 Mpc have negligible difference. Our calculations show
that with the further diminishing of the size r∗ (but with the
same number of photons initially emitted) spatial and angu-
lar distributions tend to a limit, which corresponds to the point
source.
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Fig. 11. As in Fig. 10 figure, but at r∗ = 10 Mpc.

4. Results and discussion

In this paper we show that accounting for forbidden transitions
significantly changes the luminescence intensity in para- and
orthohelium and proved a very high efficiency on a wide set of
spectral lines at large redshifts. The latter circumstance is very
important for the reliable identification of the red shift of the
object. In fact, this situation is close to what we have when
observing distant quasars – the identification technology here
can be similar. But the most important is the indication of the
possibility of studying all these effects by ground-based radio
astronomy.

The spatial distribution obtained in this work describe pho-
ton distribution in number of scatterings. Photons were emitted
at the moment z0 and registered at the present day epoch z = 0.
If we neglect the width of the initial spatial distribution (for the
sources with r∗ < 10 Mpc), all photons have gone the same dis-
tance and those who went by straight ways and therefore under-
went less scatterings turned out to be ahead at the leading front
of spatial distribution. These photons should have more narrow
angular distributions than photons at the leading edge of spatial

distribution as the Fig. 11 shows. For the source of great initial
size (50 Mpc) these differences are much smaller (see Fig. 10)
and as a whole, angular diameter is much greater: 27, 23 and
22 angular minutes on r = 13 500, 13 600 and 13 700 Mpc.
Dilution factor a(r) appearing in Eq. (11) is equal 0.030, 0.61
and 0.069 respectively. For the source with r∗ = 10 Mpc (see
Fig. 11) angular diameters on the same distances turns out to
be smaller – 26, 11 and 7 angular minutes and factor a(r) is
equal 1.2 × 10−4, 3.0 × 10−2 and 8.9 × 10−8 respectively. For
the source of 5 Mpc size the same results are obtained. From
what has been said above, it follows that for a sufficiently large
source size with a sufficiently large ∆T/T , the luminescent lines
can be very noticeable in the spectrum of blackbody background
radiation.
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