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Abstract. Virtually all physical processes occurring during
hydrogen and helium recombination (900 < z < 7000) are cur-
rently well understood. The theoretical work of the last decade
on this topic provides a comprehensive picture of recombination
and related processes. Of particular observational interest is the
fact that the CMB spectrum experiences a unique distortion
from the blackbody spectrum due to the release of photons
during this epoch. These additional photons form a cosmologi-
cal recombination spectrum imposed on the thermal CMB
spectrum. The recombination dynamics of hydrogen are con-
trolled by two processes — the two-photon decay 2s — 1s and
the L, photon escape due to multiple scattering in an expanding
medium — of which the first is dominant. About 57% of all
hydrogen atoms in the Universe at 7 < 1400 recombined
through the two-photon decay channel. Because the ratio of
the CMB photon and baryon number densities is extremely
large, the additional photons make up only a small fraction
(10-8—10-°) of the total number, and hence their distorting
effect of the CMB spectrum is small. Of most promise for
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future observations are relative distortions in the Rayleigh—
Jeans range of the CMB spectrum (the decimeter range). For
example, at 300 MHz, relative intensity distortions of the order
of 1078 — 10~ are expected. The Balmer and Paschen hydrogen
series fall into the range of a CMB maximum. In the Wien
range, observations are greatly hampered — and indeed made
impossible — by the infrared and submillimeter cosmic back-
ground. Given the current level of instrumentation, it is not yet
possible to measure small distortions (< 10~%) near the max-
imum. Some researchers believe, however, that an accuracy of
~ 10 nK can soon be achieved. Because the CMB spectrum does
not depend on the direction, any region of the sky can be chosen
for observation, preferably so as to minimize the contribution of
various cosmic backgrounds and noises (for example, near a
galactic pole). It is also essential that the sought signal be
nonpolarized in order that it can be separated from signals
from other sources.

1. Introduction

1.1 CMB as a probe of the evolution of the Universe

The 20th century was remarkable for the rapid development
of cosmology — the science about the structure and evolution
of the Universe. Over several decades, this comparatively
young theoretical science acquired a solid observational
foundation thanks to many balloon and space experiments.
It would not be an exaggeration to assert that the modern
development of observational instrumentation renders cos-
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mology a more and more exact science. It now encompasses
not only theoretical concepts on the evolution of the Universe
and interpretation of observations but also highly precise
measurements of the cosmological parameters. This became
possible due to the modern cosmological experiments
WMAP' and Planck? aimed at studying the cosmic micro-
wave background (CMB) with high accuracy. Because this
radiation has been present since the very first seconds of the
Universe’s history, the modern CMB bears imprints of
physical processes that occurred at different stages of the
evolution of the Universe.

The so-called standard cosmological model includes the
modern picture of the Universe’s evolution and the physical
processes that occurred at different epochs. This model is
heavily based upon CMB temperature anisotropy sky maps,
which allow probing matter distribution in the ‘pre-galactic’
epoch, and upon large catalogs of galaxies, which demon-
strate the modern three-dimensional distribution of matter in
space (for example, SDSS?). Using these data, the known
laws of gravitational instability growth allow calculating the
primordial spectrum of cosmological perturbations and key
cosmological parameters that directly affect the evolution of
the perturbations up to the modern large-scale structure
formation. For example, the discovery and measurements of
the CMB temperature anisotropy evidence that no galaxies
were present in the early Universe, and the relative matter
density fluctuations at that time were at a level of 1077,
Meantime, the modern space distribution of galaxies shows
that the density contrast of inhomogeneities has changed
dramatically: the initial perturbation growth due to gravita-
tional instability resulted in the formation of gravitationally
bound structures— dark matter halos. The inhomogeneity
scale in these halos increased with time. The mean scale on
which the present-day matter distribution in the Universe
becomes linear, i.e., proportional to the radius cube, is about
10 Mpc. However, this scale can be larger or smaller in
different regions of the Universe, depending on the mass of
matter in the specific region (see, e.g., monograph [1] and
recent reviews [2-5]).

It follows that the CMB temperature anisotropy map is
the most important probe to study the Universe. However,
from the standpoint of understanding the physical conditions
at different evolutionary stages of the Universe, the CMB
spectrum is equally important. The CMB spectrum brings
information about the thermal history of the Universe, i.e.,
about the state of matter in the past and its interaction with
radiation. The CMB spectrum to a very high accuracy
corresponds to the Planck distribution, thus suggesting that
matter in the past was in thermodynamic equilibrium (TE).
Any physical processes leading to deviations from TE or to
energy injections would leave imprints in the CMB spectrum,
and the characteristics of these spectral features could be
uniquely connected with the redshift z at which the energy was
injected and with the energy injection mechanism.

A detailed theory of the interaction of matter with
radiation in the early Universe was first developed in papers
by Zeldovich, Kurt, and Sunyaev [6—8] and by Peebles [9] (see

U Wilkinson Microwave Anisotropy Probe, the spacecraft launched by
NASA to measure the CMB temperature anisotropy, operated in orbit
from 2001 to 2010.

2 The spacecraft of the European Space Agency to measure the CMB
anisotropy with high precision, operated in orbit from 2009 to 2013.

3 Sloan Digital Sky Survey (http://www.sdss.org).

also monograph [10]). In these papers, CMB spectral
distortions due to radiation processes during the primeval
plasma recombination were first investigated, CMB spectral
deviations from the equilibrium due to Compton scattering
on hot electrons were calculated in detail, and CMB spectral
distortions due to energy injection at different epochs were
studied. All these topics are considered in this review in more
detail, with special attention to be given to CMB spectral
distortions during plasma recombination. We note that with
the increasing accuracy of the CMB temperature anisotropy
and spectrum measurements, these issues became very
topical, and many papers by different authors have appeared
in which the recombination theory was further elaborated
and various types of CMB spectral distortions were studied.
But the main ideas formulated in [6-9] remained unchanged
(see Section 4).

Presently, all physical processes that occurred during the
primeval plasma recombination epoch have been described in
great detail and reproduced with high accuracy with many
numerical codes (see Section 4.4). These numerical codes can
be used for both the CMB anisotropy interpretation and the
prediction of the amplitude and form of CMB spectral
distortions when planning future experiments. In the first
case, the accuracy of numerical calculations of the plasma
recombination kinetics, including taking many subtle effects
into account, is dictated by the high precision of CMB
anisotropy measurements. For example, for successful inter-
pretation of the Planck data, the dependence of the matter
ionization degree on time should be calculated with an
accuracy of up to 0.01%. In the second case, we are dealing
with the extremely small amplitude of the CMB spectral
distortions (otherwise, they would have already been dis-
covered); the relative change in the CMB intensity due to
these distortions, according to theoretical calculations, is less
than 10~8. Thus, here the accuracy of theory is much higher
than the present-day experimental capacities. Therefore, the
future discovery of the cosmological recombination spectrum
(i.e., the collection of photons emitted during the primeval
plasma recombination) seems to be very exciting. This, first,
would be direct confirmation of the recombination stage in
the early Universe, and, second, would provide an indepen-
dent means to measure the baryon density in the Universe and
other cosmological parameters.

At present, we completely understand all physical
processes in the considered epoch and their observational
manifestations. Now the matter depends on experiment. The
experimental potential is currently increasing, and there is
hope that the theoretical predictions will be confirmed by
observations in the nearest future (see Section 5.3).

1.2 Before and after recombination:

a brief history of the Universe

The period of recombination of the primeval hydrogen—
helium plasma is one of the key evolutionary stages of the
Universe and corresponds to the redshift interval
900 < z £7000. Due to expansion of the Universe, the
temperature of matter decreased, plasma recombined, and
radiation detached from matter, i.e., photons did not interact
with matter (baryons) any more and traveled freely after
recombination, only undergoing a redshift. Photons reach the
observer at the redshift z = 0, and we observe them as the
CMB. During recombination, the usual matter (baryons)
passed from the ionized state to a neutral one, and the so-
called period of neutral hydrogen (and helium) began. It is in
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Figure 1. The scale factor of the Universe a as a function of the normalized
Hubble radius Hy/H. Here, Hy = 67.3 km s~! Mpc~! is the present-day
Hubble constant. Marked are the Big Bang (B), radiation-dominated
epoch (r), matter-dominated epoch (m), and dark-energy-dominated
epoch (E). The boundaries between the epochs correspond to the time
10736 s (B), 380,000 yrs (r), 10 bln yrs (m) from the beginning of expansion.
(From [1].)

this period that small density perturbations grew to form
gravitationally bound objects. With the recombination stage,
the radiation-dominated epoch ended, and the nonbaryonic
dark-matter-dominated stage began, during which dark
matter particles formed gravitationally bound structures —
halos—and cooled-down baryons settled toward the halo
centers to form galactic disks. In Fig. 1, this time corresponds
to the transition from the period marked with r to the period
marked with m. We discuss this figure in more detail.

As is well known, matter in the Universe includes several
components, differently contributing to the total density;
according to the last data from the Planck experiment [11],
these include dark energy (Q,/Qo ~ 68.3%), dark (non-
baryonic) matter (Q,,,/Qo ~ 26.8%), regular (baryonic) mat-
ter (2p/Qp ~ 4.9%), massive neutrinos (Q,/Qy ~ 0.1%), and
radiation (Q;/Qy ~ 0.01%). Here, Q; = p;/p., is the ratio of
the density of the ith component to the critical density. The
sum of all constituents Qy, which is equal to unity with high
accuracy, determines the geometrical properties of the
Universe and its evolution. According to the standard
cosmological model, the Universe is expanding, and at large
scales we observe the so-called Hubble flow, i.e., the recession
of matter. The dynamics of this recession can be described in
terms of the scale factor a(¢) dependence on the normalized
Hubble radius Hy/H, where Hy = 67.3 km s~! Mpc~! is the
present-day Hubble constant [11]. This dependence is shown
in Fig. 1. The power-law slope of this function,
97! = —(dIna)/(dIn H), is larger than unity at the infla-
tionary stage (B) and dark-energy-dominated stage (E), and is
less than unity at the radiation- (r) and matter-dominated (m)
stages. As can be seen from Fig. 1, during the radiation- and
matter-dominated stages, the Universe expanded by 30 orders
of magnitude. At the same time, the observed size of the
Universe is about 10%® ¢cm, which exceeds the Planck radius
Ip ~ 1073 cm by more than 60 orders of magnitude! There-
fore, the size of the modern Universe cannot be explained
without assuming the inflationary (exponential) stage of
expansion.

Presently, the idea of an inflationary expansion of the
Universe at the very early stages is commonly recognized [12].
The idea of inflation, which was first proposed by Gliner [13,
14] (see also [15, 16]), was supported and developed by
Starobinsky [17, 18] and later by Linde [19, 20] and Guth
[21]. The concept of inflation states that the equation of state
of matter in the very early Universe can be expressed as
p = —p. Such a state, which is characterized by a negative
pressure* (antigravity), leads to accelerated expansion of the
Universe, when the scale factor increases exponentially with
time: a(r) ~ exp (Ht), where H(t) =a/a is the Hubble
constant. At the inflationary stage, H remains constant, but
after the end of inflation, H starts changing with time; further
expansion follows the Friedmann law a(¢) ~ ¢*, where o0 < 1,
and the so-called Hubble flow is formed. Thus, the primary
reason for the Hubble flow is antigravity, the inflationary
recession of matter [22-25].

The inflationary model solves two principal conundrums
of classical Friedmann cosmology. The first is the causality
problem, which follows from the observed homogeneity and
isotropy of the large-scale matter distribution and CMB
properties. The physical size of a causally connected region
at the time of recombination corresponds to two angular
degrees. Because the properties of the CMB are identical at all
angular scales, including those larger than 2°, the question
arises: Why do causally disconnected regions demonstrate
identical properties? The second difficulty comes from the
flatness of the Universe, i.e., from the fact that the total
density in the Universe is very close to the critical value
(Qo =1), and the curvature is equal to zero at all stages,
including the very early times. These two difficulties can easily
be overcome by introducing an inflationary stage in the early
Universe, which started 10~*? s after the Big Bang and lasted
only 1073 s. The inflation provides that the size of a casually
connected region in the past greatly exceeds the size of the
present-day horizon. Independently of the initial curvature of
the world, the exponential expansion during inflation makes
the Universe highly flat.

The state of matter with negative pressure is unstable, and
such matter ultimately decays to form the usual gravitating
matter. The matter particles are in thermal equilibrium, and
the relativistic equation of state (radiation-dominated phase)
holds: p = ¢/3, where cis the energy density. At the same time,
the so-called baryonic asymmetry of the Universe emerges,
i.e., the prevalence of baryons over antibaryons. As a result,
we live in the Universe without antimatter, with a very small
baryon-to-photon number density ratio ny,/n, ~ 10~°. This
stage is called the hot baryogenesis epoch. At this stage, the
characteristic particle energies amount to ~ 10'¢ GeV.

When the temperature of matter decreased to ~ 10'® K
(particle energies ~ 1 TeV), the electroweak phase transition
occurred. As a result, the weak and electromagnetic interac-
tions, which had been united before that time, were separated
into electromagnetic interactions, with a photon being the
gauge boson, and weak interactions, with W_o- and Z,-
bosons being the gauge bosons. Later, at a temperature of
10'2 K (particle energies ~ 100 MeV), quark confinement
occurred, i.e., free quarks could no longer exist and formed
protons and neutrons. One second after the Big Bang, after
the formation of protons and neutrons, the primordial
nucleosynthesis epoch began, which lasted up to about 200 s
after the Big Bang. During this period, light nuclei were

41In general, p = wp, where the parameter w can be variable in time.
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synthesized: helium “He (its fraction amounts to Yy, ~
0.25—0.26), a small amount of *He, deuterium, and lithium.
Heavier nuclei were synthesized at much later times in stars.
About 300 s after the Big Bang, the temperature in the
Universe dropped below the limit for helium and other light
nuclei formation in nuclear reactions, and the relative number
density of nuclei did not change any more. The temperature in
this epoch was T ~ (1—5) x 10° K, corresponding to particle
energies ~ 100—500 MeV. At the redshift z ~ 7000, when the
temperature was 7T =2 x 10* K, recombination of the
primeval plasma started, as discussed above. The epoch of
neutral hydrogen (also known as the ‘dark ages’) ended at
redshifts z ~ 10—20, with reionization of matter at the stage
of a nonlinear evolution of gravitationally bound objects
(galaxies, galaxy clusters, and superclusters).

2. CMB and its properties

2.1 Discovery of CMB

The expansion of the Universe had been the only experi-
mental test in cosmology until the mid-1960s. The new era
began in 1965 when A Penzias and R Wilson discovered the
CMB. As discussed in Section 1, CMB photons are observed
from the last scattering surface, when the Universe cooled to a
temperature of 3000 K due to expansion, which led to
recombination of plasma. The age of the Universe at the
recombination stage was around 380,000 years, and since
then photons have been propagating freely, virtually without
interacting with matter. The very existence of the CMB
directly supports the hot model of the Universe’s evolution
(the Big Bang theory), proposed by Gamow in 1946 [26] (see
also [27]). The history of the prediction and discovery of the
CMB, which includes many interesting facts, is intriguing by
itself. It can be found, for example, in monograph [28]. Here,
we briefly mention only the main events.

The CMB was discovered by Penzias and Wilson,
collaborators in the American firm Bell Laboratories. In
1964, when measuring radio emission from the Galaxy with
a horn reflector, Penzias and Wilson tuned the detector to the
wavelength 4 = 7.3 cm to check the noise level. They directed
the horn to a dark (radio quiet) area of the Galaxy, but the
measured signal turned out to be unexpectedly high. After
numerous tests they found that the signal being measured did
not depend on the direction and was not connected with
ground-based sources. Penzias and Wilson published this
result in the Astrophysical Journal [29]. At the same time,
another group of researchers including R Dicke, P J Peebles,
P Roll, and D Wilkinson deliberately prepared a similar
experiment aimed at testing the Big Bang theory predictions.
A theoretical paper by those authors was published in the
same issue of the Astrophysical Journal [30]. Later, both
groups conducted observations at the wavelength 4 =3 cm
and confirmed the existence of the CMB. In 1978, Penzias and
Wilson won the Nobel Prize for the discovery of the CMB.

We note that the first predictions of the existence of the
CMB as a relic of the hot past of the Universe were made by
Gamow. But Gamow concluded that the CMB radiation,
which, according to his calculation, could not have a
temperature higher than 5-6 K at the present time, could
not be observed against the background emission from stars
and galaxies. Later, it was noted in [31] that in the radio band,
the CMB intensity must exceed all known background
emissions.

Interestingly, indirect evidence of the CMB existence were
known long before its discovery. For example, in 1941,
Canadian astronomer E McKellar discovered that interstel-
lar cyan (CN) molecules absorb stellar emission, being in the
rotational state with the excitation temperature 2.3 K [32].
This fact was explained only after the discovery of the CMB.
In the middle of the 1950s, Soviet radio astronomer
T Shmaonov detected, using a horn, a background space
radio emission at the wavelength 3.2 cm. He published this
result [33], but because the measurement accuracy was not
high, nobody paid due attention to this discovery at that time.

2.2 CMB anisotropy

The interaction of the CMB with matter prior to recombina-
tion and during recombination up to the last scattering
surface leave traces both in the spatial distribution of the
CMB (anisotropy) and in its energy spectrum (spectral
distortions). The last scattering surface is a ‘snapshot’ of the
Universe at the moment of the last scattering of photons on
free electrons. The last scattering surface redshift corresponds
to the time at which the optical depth for Thomson scattering
attains unity, t.e.(z;) = 1. The value of z, can be obtained by
approximating the results of numerical calculations of the
recombination kinetics, i.e., from the dependence of the
matter ionization degree on time (or redshift). For example,
in [34], the following approximation was obtained:

- loso Q2 \ 00105 £ 2 008 o
o 0.14 0.024 :

The main imprints of interactions are caused by the
Sachs—Wolf effect [35], the Silk effect [36], and Doppler
scattering on moving electrons [37]. These effects determined
the primary spatial anisotropy of the CMB imprinted on the
last scattering surface immediately before the end of the
recombination epoch. Later, secondary CMB anisotropy
arose due to the Sachs—Wolf effect and gravitational lensing,
and the smearing out of the primary anisotropy occurs due to
the CMB photon scattering on moving electrons after
reionization at z < 10—30 (see monograph [28] and review
[38] for more details).

The CMB anisotropy was discovered by the COBE?
experiment and the Relikt-1° experiment [40, 41]. The
leaders of the COBE experiment, G Smooth and J Mather,
won the Nobel Prize for this discovery in 2006. After the
dipole anisotropy subtraction, the CMB temperature fluctua-
tions are AT/T ~ 1075, These fluctuations and acoustic
peaks in the angular spectrum of the CMB anisotropy were
predicted by Zeldovich and Sunyaev as early as 1970 [37], and
were measured with high accuracy in numerous ground-based
experiments [CBI (Cosmic Background Imager), ACBAR
(Arcminute Cosmology Bolometer Array Receiver), VSA
(Very Small Array)], balloon [BOOMERANG (Balloon
Observations Of Millimetric Extragalactic Radiation And
Geophysics), MAXIMA (Millimeter Anisotropy eXperiment
Imaging Array), Archeops] and space experiments (WM AP,
Planck). The angular power spectrum of CMB temperature
fluctuations obtained by the Planck experiment is shown in
Fig. 2.

3 Cosmic Background Explorer, the NASA spacecraft devoted to CMB
studies, operated in orbit from 1989 to 1992.

% The Soviet experiment for CMB studies. The Relikt-1 satellite operated
in orbit from 1983 to 1984.
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Figure 2. Angular power spectrum of the CMB temperature according to
the Planck data [11]. The angular scale and the corresponding harmonic /
are along the x axis, and the fluctuation amplitude squared on that scale,
8T? = I(I+1)C;/(2m), is along the y axis.

2.3 Spectral characteristics of CMB

Since the discovery of the CMB in 1965, its temperature has
been measured with increasing precision in various experi-
ments over last several decades. The results of these experi-
ments are listed, for example, in [28]. Here, we only note that
by the beginning of the 1990s, more than 60 experiments had
been carried out in the wavelength range from 1 mm to
73.5 cm. Most of these experiments were not accurate
enough. The breakthrough occurred with the launch of the
COBE satellite. According to COBE data, the CMB spectrum
with an accuracy of 104 corresponds to a blackbody (Planck)
radiation:

72/1\13 1
"2 exp(hv/kgT)—1"

2)

where kg is the Boltzmann constant, with the present-day
temperature 7y = 2.725 + 0.001 K [42]. These measurements
were done by the FIRAS (Far Infrared Absolute Spectro-
meter) instrument aboard the COBE satellite in the wave-
length range from 0.1 mm to 1 cm. Figure 3 shows the
FIRAS/COBE blackbody spectrum of the CMB; measure-
ments by other instruments are also shown for comparison.
The CMB fills space homogeneously, and its energy
density exceeds that of any other background radiation (see
Table 1). The CMB is the brightest sky emission from the
meter to the submillimeter wavelengths. The present CMB
photon number density is np, = 411 cm™, corresponding to
the energy density 0.25 eV cm 3. The maximum of the Planck
function with the temperature Ty = 2.725 K peaks at the
frequency vy = 1.6 x 10!! Hz. Due to isotropic expansion of
the Universe, the CMB temperature decreases as 7(z) =
To(1 + z), where Ty is the present-day CMB temperature

Table 1. Electromagnetic energy distribution of cosmic backgrounds [28].

Frequency range Intensity, Energy density
Wm2sr! fraction

Radio 1.2x 10712 1.1 x 107
CMB 9.96 x 1077 0.93

IR (4—52) x 1078 0.04-0.05
Optical (2—4) x 1078 0.02-0.04
X-ray 2.7 x 10710 2.5x 1074
Gamma 3x 1071 2.5%x 107

Wavelength, cm

10! 10° 10~
10717 EII T T [rrrTrTT T T [rrrTTT T T T
10-18 —
-
N -
Tov k
‘;5 E —— CMB,2.73K
"“ -
107 ¢ + FIRAS/COBE
z 3 x DMR/COBE
~ - x UBC
10721 © LBL-Italy
3 o Princeton
7 a Cyanogen
10—22 1111l 1 Lol 1 Ll 1 L1

10° 10! 102 103
Frequency, GHz
Figure 3. CMB spectrum from different experiments [43]. The radiation

intensity 7, is plotted versus the frequency and the corresponding
wavelength.

and z is the redshift. The blackbody form of the CMB
emission remains unchanged during the expansion, such
that 7,/(1 4+ z,) = T»/(1 4+ z2), where T, and T, are the
CMB temperatures at redshifts z; and z,.

3. Thermal history of the Universe
before the primeval plasma recombination

3.1 Evolution of matter composition in the early Universe
Starting from the primordial nucleosynthesis at z ~ 108 —10°
and up to the end of the recombination epoch at z ~ 103, the
change in matter composition was determined by the baryon-
to-photon number density ratio #y, = ny/ny, by the relation
between different plasma processes, and by the Universe
expansion rate. These parameters completely determined the
dynamics of the synthesis of light nuclei, thermalization of the
background radiation and plasma recombination kinetics,
and the spectral features of the background radiation arising
during these epochs.

The ratio 1y, does not change as the Universe expands,
excluding periods where annihilation of different sorts of
particles occurred or some additional mechanism of energy
release operated. Indeed, the photon number density in the
blackbody radiation is 7, oc 77 o< (1/a)’ o< (1 + z)*, where T
is the radiation temperature. On the other hand, the baryon
number density is 7, o< 1/a® (1 +z)°. Thus, ny/ny, = const
during the expansion. This ratio, up to a numerical factor, is
essentially the radiation entropy per baryon S,/np =
(4/3)aT?/ny,, where a =7.57 x 10715 erg em™3 K= is the
radiation density constant. This specific entropy is conserved
during adiabatic expansion. During annihilation periods of
particle—antiparticle pairs, the entropy of pairs was converted
into photons, but the photon spectrum preserved the
equilibrium form.

Presently, the analysis of the CMB angular anisotropy
spectrum yields ny, ~ 10, in excellent agreement with the
estimate of n,,, inferred from the Big Bang nucleosynthesis
theory [44]. This means that the ratio ny,/n, did not change
significantly at z < 108, and its conservation at late stages of
the evolution of the Universe after recombination is due to the
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conservation of the number of photons, which no longer
interact with matter.

The smallness of the parameter #,,, determines the starting
time of synthesis of primordial elements, because light nuclei
can be formed only when the temperature drops below the
binding energy of each nucleus. Otherwise, a huge number of
photons, electrons, and positrons, which are in thermody-
namic equilibrium, would effectively destroy newly formed
nuclei. The nuclear statistical equilibrium is preserved until
the rate of the corresponding nuclear reactions becomes
smaller than the expansion rate of the Universe. At that
time, the relative number density of nuclei becomes frozen
and remains constant at later times.

After nucleon—antinucleon annihilation at temperatures
of 10'2—10"3 K, the primeval plasma mostly consists of
electrons, positrons, photons (with ne- ~ ne+ ~ ny), neutri-
nos, muons, and a small admixture of nucleons. The
equilibrium between protons and neutrons is sustained due
to weak interaction reactions:

p+te +—n+v, p+tve—n+et, p+v+e «—n.

Here, p is a proton, ¢~ is an electron, e is a positron, v is an
electron neutrino, v is an antineutrino, and # is a neutron.

As the temperature decreases further, the fraction
of protons increases because the equilibrium number
density ratio of neutrons and protons is N(n)/N(p) =
exp (—AMc?/kgT), where AM is the mass difference
between a neutron and a proton. Here, the efficiency of the
weak interaction reactions decreases, and ultimately the
neutron-to-proton number density ratio becomes frozen,
according to different estimates, at the level N(n)/N(p) =
0.15—0.19. Later, neutrons combine with protons to form
deuterium nuclei, n + p — D + v, and the energy and number
density of photons are no longer high enough to destroy the
deuterium nuclei. The accumulation of nuclei and further
nuclear reactions occur to form *He nuclei with the ultimate
fraction Yy = 0.25—0.26. A small number of *He, D, Li, and
Be nuclei are also formed. About 300 s after the start of the
expansion of the Universe, the temperature decreased such
that nuclear reactions leading to helium and other light nuclei
formation could not go on any more, and hence their relative
number density did not change in further evolution. By that
time, muons and electrons had annihilated, and the entropy
of radiation had increased. The radiation spectrum remained
the blackbody one. The temperature by that time was
T ~ (1-5) x 10° K. Electrons that survived annihilation
played an important role in the CMB spectrum formation.
The reader can find more details on physical processes in the
early Universe, for example, in classical reviews and Zeldo-
vich and Novikov’s monograph [10].

3.2 Spectral distortions of CMB during energy release

in the early Universe

Studying the CMB spectral features allows reconstructing the
thermal history of the Universe, because the CM B spectrum is
determined by the interaction of photons with matter at early
evolutionary stages. The assumption that there were devia-
tions from the blackbody spectrum, which could be due to
powerful additional energy sources in the early Universe or
strong deviations of the state of matter from thermodynamic
equilibrium, was rejected by the COBE experiment [45]. The
measurements showed that the CMB spectrum is described by

the Planck function to an accuracy of about 10~*, which
suggests that total thermodynamic equilibrium held between
photons and matter in the past. It was shown theoretically [10]
that this equilibrium should have been held starting from the
very early stages of the Universe up to the threshold
temperature corresponding to the electron—positron pair
creation Tere- ~ 2mec?/kp =~ 101° K, corresponding to the
redshift z ~ 5 x 10°.

Indeed, thermodynamic equilibrium must be established
if trel < fexp, Where trq is the relaxation time of the particle
energy distribution to the equilibrium and f., is the
characteristic time of change of plasma parameters, which is
of the order of the Universe expansion time. In the electron—
positron plasma, the time 7. is determined by the annihila-
tion rate of particles, which turns out to exceed the expansion
time by 17 orders of magnitude, i.e., fre1/fexp ~ 107, There-
fore, the plasma equilibrium is maintained due to the
processes et + e~ «—— 2y.

In the Universe with a small ratio 7y, the main process
thermalizing radiation is the double Compton scattering on
electrons

e +ye—e +v' +7".
The rate of this process becomes insufficiently high to

maintain the equilibrium photon distribution at the red-
shift [46]

Yo\ =25 70 p2\ ~
2111:2.0><106(1— ;e) <0b012) , (3)

where Yy, is the helium mass fraction. Therefore, up to the
redshift z ~ 2 x 10°, possible CMB deviations from the
Planck spectrum must have been smeared out by the double
Compton scattering on free electrons that remained after
annihilation. This process, as well as the creation and
absorption of photons in free—free transitions, occurs with a
high rate and effectively destroys any spectral distortions due
to possible energy injection at z = 107.

The highly blackbody form of the CMB spectrum
constrains possible sources of energy injection in the early
Universe at z < 107. Such sources could include decays of
unstable particles, dissipation of acoustic waves, and accre-
tion onto primordial black holes. The form of spectral
deviations of the CMB due to energy injection at
10° <z <107 is determined by Compton scattering, which
establishes full kinetic equilibrium between photons and
electrons:

e +y ' ——e +79".

This process turns out to be fast in comparison with
expansion, because the hydrogen is fully ionized. As for the
blackbody emission, the photon number density is deter-
mined by temperature only; with the injection of additional
energy, the Compton scattering leads to the Bose—Einstein
photon distribution with the chemical potential m [8]:

2hv3
F, = , 4
c2{exp [(hv+m)/kgT]| — 1} @
where m = —ukgT depends on the photon number density

and temperature, and the dimensionless coefficient u > 0.
The CMB deviations from the blackbody spectrum in this
case are referred to as p-distortions. Such a distortion is most
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prominent in the Rayleigh—Jeans part of the spectrum:
I, < v3 instead of I, x v2. We recall that in the Rayleigh—
Jeans approximation at hv < kg7, the blackbody intensity is
B, o< v?kgT. The COBE data analysis yielded the estimate
U< 9x 107 [47].

In the period 10 <z < 103, the Compton scattering
could not establish full kinetic equilibrium between radiation
and electrons, and the spectrum formed by this scattering was
characterized by the parameter [7]

kg(T. — T,

y= |l g, 5
where T, T, and 7. are the electron temperature, the
radiation temperature, and the optical depth for Compton
scattering, and m is the electron mass. During Comptoniza-
tion, the low-frequency Rayleigh—Jeans photons acquire
energy from electrons due to the second-order Doppler
effect. Such spectral deviations are referred to as y-distor-
tions. An analysis of the COBE data yielded the estimate
[v] < 1.5 x 1075 [47]. As a result of multiple scatterings, the
Comptonization gradually leads to establishing a Bose—
Einstein spectrum, i.e., to u-distortions. However, starting
from a certain redshift z., any energy injection would lead
to y-distortions only, because the Bose—Einstein distribu-
tion cannot be reached. This transition occurs when the
Compton scattering optical depth is equal to one,
to(zc) = 1 [44]:

Yo\ 12 70 p2\ 12
~ 4 ~ “He b
R .

The radiation-dominated era ended with the primeval
plasma recombination, which spanned the redshift interval
900 < z < 7000. During recombination, the primeval plasma
emitted photons that distorted the CMB blackbody spec-
trum. The collection of these ‘superequilibrium’ photons is
called the cosmological recombination spectrum. In Sec-
tion 5, we discuss the mechanisms of these CMB spectral
distortions in detail.

For completeness, we mention that the processes leading
to CMB spectral distortions can also occur in the post-
recombination epoch. For example, during matter reioniza-
tion at z ~ 20— 50, Compton scattering is no longer effective
because the matter density is low. Therefore, photons
emitted in free—free transitions cannot be thermalized and
must distort the CMB spectrum [7, 48]. In addition, the
thermal Sunyaev—Zeldovich effect occurs, i.e., Compton
distortions of the CMB spectrum during scattering on the
hot intergalactic gas in galaxy clusters with the temperature
T. ~ 107 K at z < 10. This effect, which appears on angular
scales of about one arc minute, has been registered by several
experiments [49].

4. Recombination of the primeval
hydrogen—helium plasma

4.1 Plasma emission during recombination

As the Universe expanded, its temperature decreased, and the
plasma started recombining. At z ~ 5000— 7000, the recom-
bination of double-ionized helium occurred, Helll — Hell;
then, at z ~ 1500—3000, single-ionized helium recombined,
Hell — Hel; and finally, at z ~ 900 — 1600, recombination of

hydrogen occurred, HII — HI. By the end of the recombina-
tion epoch at z ~ 1000, the temperature of matter and
radiation decreased to T ~ 3000 K, and matter ‘decoupled’
from radiation. This time is called the last scattering epoch, or
the translucence epoch. At later times, the radiation freely
travels in space, because matter becomes transparent to
radiation. As noted in Section 1.2, photons reach the
observer at z =0 being redshifted only, and we observe
exactly them as the CMB.

The photons produced in transitions in hydrogen and
helium atoms in the recombination epoch partially survive up
to the present time [50, 51] and therefore distort the CMB
blackbody spectrum. These distortions have been calculated
in many papers [52-63]. Measurements of the wavelength,
intensity, and shape of the recombination lines provide
information on the plasma temperature, baryonic matter
density, redshift of the recombination epoch, and its dura-
tion. From the experimental standpoint, the main difficulty is
that the recombination spectrum is very weak in comparison
with the main thermal background. This is a direct conse-
quence of the small ratio of the number of recombining atoms
and the number of the equilibrium CMB photons, 1, ~ 1072,
However, the experimental possibilities are now increasing,
and this task is becoming topical. First, the discovery of
recombination lines would provide additional proof of the
recombination epoch in the early Universe. Second, this
discovery would offer an independent way to estimate the
baryonic density in the Universe, because the cosmological
recombination spectrum of hydrogen and helium directly
depends on this parameter.

In general, calculating the intensity and profiles of
recombination lines requires solving a nonstationary system
of differential equations for atomic level populations jointly
with the radiation transfer equation for these lines. However,
these equations contain two small dimensionless parameters,
Ny and fre/trec; the last is the ratio of the relaxation time of
the population of levels (with the principal quantum number
n = 2) to the characteristic time of recombination (changes in
the ionization degree) [64]. The smallness of these parameters
allows dividing the cosmological recombination spectrum
calculation into three subtasks, which can be solved indepen-
dently.

The first subtask is to calculate the recombination
kinetics, i.e., the dependence of the ionization degree on
time (redshift). The input parameters here include the
Hubble constant (the expansion rate of the Universe), the
baryonic matter density, and the radiation temperature. In
the pioneering papers by Zeldovich et al. [6] and by Peebles
[9], the main conclusion was that the Universe is almost
completely opaque in the resonance lines and in the Lyman
continuum of hydrogen, and that the accumulation of neutral
atoms in the plasma occurs mainly due to the two-photon
decay of the 2s level. Because the probability of this process is
small, the population of the ground state of hydrogen is vastly
different from the equilibrium value, which results in a delay
of the recombination rate in comparison with the equilibrium
Saha—Boltzmann rate. The recombination kinetics are con-
sidered in Sections 4.2—4.4 in more detail.

The second subtask is to calculate the production rate of
photons that are additional to the equilibrium CMB. If the
plasma and radiation were in full TE, such photons, of course,
would not be produced. But because there is some deviation
from equilibrium (see below), not all transitions between
atomic levels are compensated, i.e., R;;N; # R;N;, where R;;
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Figure 4. Hydrogen atom levels. The arrows show many possible transi-
tions during the cosmological recombination epoch. Transitions that are
eventually compensated are shown by solid arrows. The dashed arrows
demonstrate that a small fraction of the transitions is not compensated by
the reverse transitions due to a slight deviation of the atom number density
in these states from equilibrium.

and Rj; are coefficients of radiative transitions between states i
and j, and N; and N; are populations of the corresponding
states. In TE with equilibrium populations N and N}, the
detailed balance principle requires that R;;N = R;N;. This
is illustrated in Fig. 4, where levels of the hydrogen atom and
transitions between them (arrows) are schematically shown.
The dashed arrows demonstrate that a small fraction of the
transitions between different states is not compensated by the
reverse transitions due to small deviations of atomic number
densities in these states from the equilibrium values. These
deviations are due to expansion of the Universe, which is
discussed in Section 4.2 in more detail. The collection of
photons emitted in the uncompensated transitions forms the
cosmological recombination spectrum, which we discuss in
this review. We note that the concept of uncompensated
transitions (or acts of irreversible recombination onto a
certain level), first found in [52], does not reflect a specific
physical process responsible for such transitions. This notion
reflects the fact that physical conditions in the plasma and
elementary processes in the considered epoch lead to
incomplete compensation of transitions between levels and
the emission of additional quanta. Moreover, this notion
turns out to be convenient in calculations [54, 57, 64].

Radiation transfer in the recombination lines is the third
part of the problem of calculating the CMB spectral
distortions. The intensity of these distortions is very low,
and therefore their effect on the recombination kinetics is
insignificant. This enables simplifying the problem and, in
fact, simply integrating over the entire recombination region,
with the integrand given by a function that depends on values
that were fully determined in the first two stages of the
problem solution [54, 64].

We now discuss the stages described above in more detail.
Historically, hydrogen recombination was studied first;
recombination of helium was addressed somewhat later, and
we follow this order for consistency.

4.2 Physics of recombination

of the primeval hydrogen plasma

The hydrogen recombination epoch corresponds to the
redshift interval 900 < z < 1600, in which the temperature
changed from 2200 to 4000 K. During this period, fully
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Figure 5. Delay of the hydrogen recombination compared to the equili-
brium recombination. Shown is the fraction of neutral hydrogen atoms
% (HI) as a function of the redshift z calculated by the equilibrium Saha—
Boltzmann formula (solid line) and using the Recfast code [66] (dashed
line).

ionized hydrogen became neutral, with some residual
density of electrons. We consider the main processes
determining recombination. For a more detailed descrip-
tion of the processes occurring in the hydrogen plasma
during recombination, the reader is referred to monographs
[10, 28] and paper [65].

As was noted already in [6, 9], the primeval hydrogen
recombination is ‘delayed’ compared to the equilibrium
Saha—Boltzmann law:

ety _ gegy (QrmkaT)” (T )
nHI  gHI h3 p kgT )’

where ne, np, and ny; are the number density of electrons,
protons, and neutral hydrogen atoms, g., gp, and gup are
statistical weights, and [ is the hydrogen ionization
potential from the ground state. Figure 5 illustrates the
ionization degree as a function of the redshift in two cases:
calculated according to the equilibrium Saha—Boltzmann
formula (7) and obtained in the numerical code Recfast [66]
(see Section 4.4).

The delay occurs because the characteristic time to reach
the equilibrium number density of hydrogen atoms is longer
than the characteristic time of the plasma parameters
changing (which is greater than the Universe expansion time
by an order of magnitude). With a very high accuracy, the
number density of neutrals can be taken to be equal to that of
atomsin the ground state: ny &~ n; = n) + dn;. Here, n{ is the
equilibrium population of the first level and dn; is the
deviation of the first level population from the equilibrium
value. The rate of change of n; with time is given by

dny dnl0 d(on)

dr — dr

In the case dn; = 0, we have the equilibrium recombination
kinetics according to the Saha equation, because
dmy dnl0
rr ®)
ony =0
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The quantity n/(dn/d¢) is an order of magnitude greater
than the Universe expansion time fcp, in the epoch considered.
Now, if we mentally ‘stop’ the expansion, the rate of change in
the atom number density in the ground state would be
determined by the relaxation rate of the ground level to
equilibrium,

dm
de

d(87’l1)

- 10
P (10)

where H(t) is the Hubble parameter characterizing the
Universe expansion rate. Then the inequality

d(5]’l1)

~ode

d¢

(11)

H(1)=0

would mean that the ground level population has no time to
‘adjust’ to the changing external conditions, and the equili-
brium number density n! is not reached. As a result, the
recombination is delayed, which is the case in our situation.
We consider the hydrogen recombination mechanism in more
detail to clarify why inequality (11) actually holds.

At redshifts z 2 2000, the matter and radiation tempera-
ture was 7' = 5500 K, and the number densities of electrons,
protons, and neutrals in the hydrogen plasma followed Saha
equation (7). At that time, the number of ionizing quanta with
the energy exceeding the ionization threshold I, = 13.6 eV
was large, more than one quantum per baryon. Each act of
recombination of an atom was balanced by ionization, and
hence the equilibrium p + e« HI+ v held, and neutral
atoms hardly accumulated in the plasma. As the temperature
decreased, the number of ionizing photons rapidly decreased,
as can be easily seen from the formula for the number density
of energetic quanta with E > Ij:

" J”Snvz 1 d
= V.
") 3 exp(hv/kpT) — 1

(12)

In addition, at temperatures 7 < 10* K, the collisional
ionization stops playing any significant role [65]. Thus, as the
Universe expanded, the probability of ionization from the
ground state decreased. It is important to note here that as
long as the equilibrium number density of energetic quanta
with E > [, decreases due to the general cooling of the
Universe, the hydrogen recombination process starts, which
produces such quanta (in recombination to the ground state).
Hence, their number density must increase somewhat with
respect to the equilibrium value. But because the absorption
cross section of Lyman continuum photons L. by neutral
hydrogen is very high, the L.-photons emitted in direct
recombination are immediately absorbed by neutral hydro-
gen atoms that are present in the plasma. Thus, the direct
recombination to the ground state does not ultimately lead to
the appearance of neutral atoms.

More probable is recombination through intermediate
states according to one of the following channels:

1) p+e—Hj+v., H —H £y, ...,

Hi — Hyp +7v,, Hzp — His + vy

2) pte—Hj+y, H —H £y, ...,
H;HHQS+Y/7 Hos — His +27.

Here, HY
the L.-continuum photon, vy, is the photon of the subordinate
line, v, is the Ly-photon with the energy 10.2 eV, and ¥
are two-photon continuum quanta produced by the 2s-
level decays. We write ‘...+ 7y, to indicate that the
corresponding transition can occur in both emission and
absorption.

For all excited states, nearly full ionization equilibrium
p+e < H"+ v, is established, because there are enough
photons with energies 3.4 eV or lower in the recombination
epoch. We note that small deviations from equilibrium are
present here due to the strong nonequilibrium of the ground
state with which the excited states interact via radiative
transitions.

As noted above, the absorption cross sections of Lyman-
series photons and Lyman-continuum photons by neutral
hydrogen are very high. Therefore, quanta with energies
E> E(L,) =10.2 eV are absorbed by neutral atoms with
the subsequent splitting into photons with lower energies
down to Lg-photons. As a result, multiple emission and
absorption of Ly-quanta occur, and their excess over the
equilibrium background arises. It is this excess number
density of L,-quanta that leads to the cosmological hydrogen
recombination delay. Ultimately, the irreversible hydrogen
recombination occurs due to two processes: the two-photon
transitions 2s — Is and the escape of L,-photons from the
line profile due to the Doppler diffusion and redshift in
frequency in the expanding Universe. We briefly explain the
essence of the second process.

The scattering of an L,-photon occurs in two stages. First,
an atom absorbs the photon in the line and then re-emits the
photon in the same line. Due to thermal motion of the
scattering atoms, the photon frequency after the scattering,
measured in the comoving frame, differs from that before the
scattering. The frequency change is on average about the
Doppler width of the line. In addition, between scatterings,
the photon frequency decreases due to redshift. The photon
shift to the line red wing increases the photon mean free path
and hence the photon energy redshift due to the cosmological
expansion, and thus the photons ultimately stop interacting
with neutral atoms.

We note that for resonance photons with energies
E > E(L,), the escape from the corresponding line profile
also occurs with the probability determined by the Sobolev
probability p;;, as for L,-photons [see formula (13)]. But
because the population of hydrogen levels with n > 3 is much
smaller than that of the level with n =2 (N3/N; ~ 1073),
the rate of this process, which is in fact proportional to the
population of the corresponding level, turns out to be low,
and hence the escape of resonance quanta other than the
L,-quanta can be neglected.

The Sobolev probability of the photon escape due to
scatterings in a medium with a velocity gradient [67] (for
example, in the expanding stellar envelopes) is a very good
instrument to describe the photon escape from line profiles in
the expanding Universe. Generally, this probability can be
written as p;; = exp (—t(v;;)), where t(v;;) is the optical depth
for the absorption of photons with the frequency v;; along the
line of sight. The physical meaning of the probability p;; is as
follows: in the case p;; = 0 (where z(v;;) > 1), all correspond-
ing photons are absorbed by atoms, and for p;;=1 (where
7(v;;) <1) the photons are not absorbed and formally ‘escape
to infinity’. In [65], the Sobolev probability of escape was
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expressed as

1 —exp(—7s
pij = % ; (13)
where
A;23.[Ni(gi/gi)) — N;
75 = J l_][ (g]/g) /] (14)

8nH(z)

is the Sobolev optical depth for the absorption of photons
with a wavelength /;; in the expanding Universe.

In the quasi-stationary approximation for diffusion of
L,-photons in the line wing (the characteristic diffusion time
being much shorter than the characteristic recombination
time), the probability for the photon to escape from multiple
scatterings in the expanding Universe was calculated in [68]
by solving the stationary transfer equation in the L, line. The
escape rate of L,-photons was obtained in the form [68]

8nH | Nap hv,, 3
Ry = ii [W—exp<—kBT>} cm s

where N; is the ith-level population, /1, and v, are the
wavelength and frequency of L,-photons, T is the tempera-
ture, and H is the Hubble constant. Clearly, in the full
thermodynamic equilibrium, R, =0 because the popula-
tions of all hydrogen levels are related by the Boltzmann law:
Ni g < hvi )

=Zexp| - :
Nis  gis ksT
But due to expansion of the Universe, the equilibrium is
violated, and the ground-state population turns out to be
much lower than the equilibrium value, Njg €« N 10s~ Asregards
populations of excited states, they are very close to equili-
brium with the continuum, i.e., the equality R, N; = ofnen™
holds with good accuracy; the left-hand side of this equation
is the photoionization rate from the ith level and the right-
hand side denotes the recombination rate. However, small
deviations from equilibrium do exist. For this reason, the
CMB recombination spectrum appears.

We now consider two-photon transitions 2s — 1s. The
2s level of the hydrogen atom is metastable because single-
photon transitions between states 2s and 1s are prohibited by
the selection rules for dipole transitions. As a result of the
2s — 1s transition, two photons are emitted, with the total
energy being exactly equal to the transition energy. The rate
of this process is 8.227 s~!. The inverse transition 1s — 2s
(two-photon absorption) also occurs, although its rate is
much lower than the 2s — 1s transition rate. This is because
the ground-state population is much lower than the equili-
brium value, N5 < NIOS, and hence Aj5_sNis < Azs—15Nos-
Clearly, these rates are equal in full thermodynamic equili-
brium: AlsﬂzleOS = A23H15N205.

In the hydrogen atom, two-photon decays are possible
not only for the 2s level but also for higher levels.
Probabilities of such transitions are estimated in [69], with
the conclusion that they are important for calculations of
helium recombination kinetics [70]. Later, it was shown in
[71] that the two-photon decays of levels with n > 2 do not
strongly affect the hydrogen recombination kinetics; their
contribution to the hydrogen recombination rate is several
percent [71] (see also Section 4.4).

(15)

(16)

We can conclude that the main processes leading to an
increase in the number density of hydrogen atoms in the
ground state are the L,-quanta from the line profile in
2p < 1s transitions and two-photon decays of the 2s state:
2s — Is. The rates of these processes are small compared with
the rate of change of the equilibrium plasma ionization
degree, and therefore they cannot provide the equilibrium
population of the ground state of hydrogen atoms, and
recombination is delayed relative to the prediction of the
equilibrium Saha equation.

4.3 Basic methods of primeval plasma recombination
kinetics calculations

Numerical methods of recombination kinetics calculations
can be conventionally divided into two types. The first
essentially amounts to solving differential equations describ-
ing the evolution of the distribution function of atoms over
energy states during recombination in an expanding Uni-
verse. In different papers, different numbers of levels were
considered, and different assumptions were made as to how
the kinetics of the higher levels, which do not explicitly appear
in the equations, should be taken into account. For example,
in papers by Zeldovich et al. [6] and Peebles [9], only the
second level of the hydrogen atom was explicitly written in the
equations, and upper states were taken into account by
approximating the full recombination coefficient on all
levels. In complete calculations [65], the system of differential
equations for 300 hydrogen-atom levels was solved for
populations of each level, coupled with differential equations
for the matter temperature and radiation intensity. In the
numerical code Recfast [66, 72], the kinetics are calculated
using a three-level atom model (Ist, 2nd level + continuum),
and the effect of higher excited states is taken into account by
introducing the recombination coefficient that is approxi-
mated differently than in other papers.

The second group of methods is based on the use of the
so-called quasi-steady approximation [52]. The essence of
this approximation is that instead of solving the system of
differential equations, one solves the system of population
balance equations for discrete levels with the principal
quantum number n > 2. Indeed, the relaxation of the
distribution of excited atoms occurs on the characteristic
timescale of the order of the time of allowed transitions
between the excited levels, fref ~ 1078 5. On the other hand,
the characteristic time of change in the rate of processes
that link the considered ensemble of atoms to the ground
state of the atom and continuum is of the order of the
characteristic time of expansion of the Universe in that
epoch, fex, ~ 10° years. Therefore, the ratio fre/fexp 1S SO
small that the level distribution of atoms with n > 2 can be
considered stationary. Then, for each level n =i, we can
write the population balance equation and solve the system
of such equations at each time step during the recombina-
tion epoch [64]:

K
ZRjiNj—LiNi-FBi:O,
=

(17)

where N; is the ith-level population, the term R;N;
describes transitions inside the ensemble of atoms with
n =2, L;N; takes processes leading to the escape from the
ensemble into account (photionization, transition to states
that are not explicitly present in the system of equations),
B; describes the processes leading to the appearance of new
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atoms in the ensemble, and K is the number of equations in
the system.

In such a setup, the ground-state population of the
hydrogen atom is determined by the small rate of ‘sinking’
of atoms from the second level to the first level due to two-
photon transitions 2s — 1s and the escape of L,-quanta from
the line profile. This sinking is responsible for the non-
equilibrium distribution of atoms over excited states.

The use of the quasi-steady approximation significantly
simplifies the numerical problem. This approximation was
first used in [52] in calculations of the intensity of subordinate
hydrogen lines produced during recombination. In paper [68]
mentioned in Section 4.2, this approximation was also
apparently used, because the statistical equilibrium equa-
tions for levels with n > 2 were solved there.

4.4 Recombination of the primeval helium plasma and
modern methods of recombination kinetics calculations
During the period when the temperature of matter in the
Universe was higher than 10° K, the matter constituted a
proton—electron plasma with some number of helium nuclei
immersed in a radiation field of very high intensity. The
maximum of the photon energy distribution in this period
corresponds to an energy much exceeding the helium
ionization potential Iy, ~ 54.4 ¢V and the hydrogen ioniza-
tion potential from the ground state Iy ~ 13.6 e¢V. Hence,
until a certain time, there could be no neutral atoms in the
plasma, because a huge number of ionizing photons would
immediately destroy them. However, with decreasing the
temperature, the plasma started gradually recombining, and
first of all a recombination of helium into Hell and then Hel
occurred. The helium recombination epoch spanned the
redshift range z = 7000—1500, and the temperature of
matter at that time changed from 20,000 K to 4000 K.

Unlike initial calculations, for example, in [73], which
were carried out using a three-level model of the Hel atom,
modern numerical calculations are performed using multi-
level Hel and Hell models (which include up to several
hundred levels), with account for the fine structure. This
allows both singlet and triplet energy states to be correctly
taken into account. The results of numerical calculations
show that the Helll — Hell recombination occurs, in fact,
according to the Saha—Boltzmann law

(Ze -1 _fHe)Xe _ (znmekBT)3/2 X 71HeII (18)
1+2fHe_Ze h3nH p kgT ’

where y, = n./ny is the matter ionization degree, fhe =
npe/ny is the helium-to-hydrogen number density ratio,
Iygenr is the Hell ionization potential, and ny is the total
hydrogen number density. The same result for the Hell
kinetics was also obtained in earlier papers. It was argued in
[65] that from the standpoint of formation of Hell ions, direct
recombination into the ground state is ineffective because the
photons resulting from such a free—bound transition would be
immediately absorbed by Hell ions that were already present
in the plasma. The same is true for other resonance photons:
their optical depth for absorption is very high. More effective
recombination occurs via intermediate states, including the
n = 2 level. Ultimately, the two-photon decay of the 2s level,
whose rate is A}!" = 526.5 s7!, is the main mechanism
responsible for recombination. The rate of this process,
Nog AT where Ny is the 2s-level population, determines

2s—1s>
the Helll — Hell recombination rate. Because this rate is

higher than the recombination rate of electrons into the n = 2
level, electrons do not stay in this state for long and rapidly
transit into the ground state.

Thus, the recombination Helll — Hell occurs in the
equilibrium regime and ends at the redshift z = 5000. As
regards Hel, modern numerical calculations give significantly
different results from those in the first papers on recombina-
tion kinetics. First, the Hel recombination occurs in a regime
that is strongly different from the equilibrium one described
by the Saha—Boltzmann equation. The Hel recombination is
delayed until the beginning of the hydrogen recombination at
z ~ 1500. We note that in the first papers devoted to this
problem, helium became fully neutral long before the
hydrogen recombination began.

Originally, in [65], two-photon decays 2!Sy — 1'S,, whose
rate is AN g = 51.3 57!, and the transitions 2'P; < 1'S,
were thought to be the main recombination mechanisms
determining the recombination rate Hell — Hel. The effec-
tive recombination rate due to these processes in both cases is
small compared to the rates of other radiative processes
(transitions between excited states, as well as between
excited states and the continuum). As a result, recombina-
tion proceeds more slowly than the equilibrium Saha
equation for Hel predicts. That the helium recombination
epoch ends very close to the hydrogen recombination epoch
is explained by the similar mechanism leading to the
formation of neutral Hel and H atoms, as well as by the
fact that the ionization energies of these atoms from the
n = 2 state are of the same order. Later, the Hel recombina-
tion was revised in [70] with two-photon decays of high levels
of parahelium and transitions in the intercombination line of
orthohelium 2°P; « 1'S; (one-photon transition between the
triplet and bottom singlet states with the rate 177.58 s71)
taken into account. This significantly increased the Hel
recombination rate with respect to calculations in [65], and
according to the calculations in [70], the 50% degree of
ionization of the helium plasma is reached at about z ~ 2200
(for comparison, the same value in [65] is reached at
z =~ 1800). However, the authors of [70] overestimated the
contribution from two-photon decays, and, as was later
shown in [74], this process does not significantly contribute
to the helium recombination rate. Nevertheless, correctly
taking the triplet helium transitions into account noticeably
brings the Hel recombination kinetics closer to the equili-
brium ones, although the recombination delay relative to
adiabatic Saha recombination persists. According to [75], the
ionization degree of the whole hydrogen—helium plasma, and
not only of the helium component, changes by slightly more
than 1% at z ~ 1800 due to taking 2°P; < 1'S; transitions
into account.

Later, numerical calculations in [66], which were realized
in the Recfast numerical code, were modified in [72], taking
absorption of the resonance Hel quanta by neutral hydrogen
into account, which accelerated the Hell — Hel recombina-
tion. Due to this process, the helium recombination ends at
z &~ 1800, i.e., significantly earlier than found in [66]. The
same effect was considered in [77], where an analytic solution
was found to take the partial frequency redistribution of
resonance quanta into account when describing the neutral
hydrogen effect on the kinetics of Hell — Hel recombina-
tion. The above effects change the ionization degree of the
primeval hydrogen—helium plasma by up to 2-3%, which is
especially important for interpreting the CMB anisotropy
data using the Recfast code. As regards the ionization degree
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Figure 6. Kinetics of helium Hel recombination according to [78]. Shown
is the plasma ionization degree as a function of the redshift n, /ny;. Curve /
corresponds to the equilibrium recombination Hel according to the Saha
formula. Curve 2 shows the Hel recombination calculated by the Recfast
code [66]. Curve 3 is obtained with neutral hydrogen effects taken into
account. Curve 4 is obtained with both neutral hydrogen and back
absorption of resonance quanta taken into account.

of the purely helium component, taking neutral hydrogen
into account radically changes the helium recombination
kinetics: at z = 1900, the degree of ionization of helium Hel
decreases by 100% [78]. We note that to a certain degree, the
helium recombination rate is also dependent on the effect of
the inverse absorption by neutral helium and hydrogen atoms
of the resonance quanta escaped from the wing of the
corresponding resonance line due to the redshift: this process
somewhat delays recombination at the initial stage.

To summarize, we reproduce Fig. 6 from [78], showing the
plasma ionization degrees during the Hell — Hel recombina-
tion calculated taking the discussed processes into account,
ignoring them in the Recfast code, and according to the
equilibrium Saha equation.

By the present time, several groups have elaborated
numerical methods for calculating the ionization degree of
the primeval helium—hydrogen plasma as a function of the
redshift. These include Recfast [66, 72], RICO [79], RecSparse
[80], HyRec [81], CosmoRec [82, 83], Atlant [84], and
SPDCBR [85-87]. These numerical codes are based on a
certain physical model of recombination. This model includes
a system of kinetic equations describing the change in
populations of excited atomic states and the plasma ioniza-
tion degree with time, the radiation transfer equation in lines,
and some fine effects that eventually affect the recombination
rate and the cosmological recombination spectrum at the 1%
level. The difference between the models used in different
numerical codes can lie in the number of levels explicitly
accounted for in calculations, in the analytic approximations
used for the recombination coefficient to upper levels lying
close to the continuum, and in the number of effects that
affect both the radiation transfer in different lines and
populations of levels.

The launch of the WMAP and Planck missions made a
leap forward in CMB anisotropy observations and the
accuracy of measurements. This demanded an increased
precision of the theoretical predictions that are used to
interpret observational data. In particular, to successfully
analyze the Planck data, the accuracy of numerical calcula-
tions of the plasma ionization degree must be at least 0.1% for

the hydrogen recombination epoch and 1% for the helium
recombination epoch; it would be better if this accuracy were
an order of magnitude higher [84]. This fact initiated a large
number of papers where the recombination theory is
improved by taking various fine effects into account. We
briefly discuss some of them.

The correction to the rate of two-quantum transitions
2s <> 1s due to the induced transition effects is discussed in
[88, 89]. In [89], the effect of L,-emission generated by
hydrogen recombination on these transitions was correctly
taken into account. In general, according to the estimates in
[89], this improvement changes the ionization degree by 0.5%
to delay the recombination at z < 1200. The recoil during
scattering in the L, line, which accelerates the hydrogen
recombination, was taken into account in [90], and the
correction to the ionization degree at z = 900 was found to
be 1.3%. The effect of collisional transitions 2s < 2p on the
2s and 2p level populations was studied in [91], with the
conclusion that in the cosmological recombination epoch,
these transitions do not establish the equilibrium distribution
over sublevels of the n =2 level, and their effect can be
neglected. Some papers considered two-photon transitions
from upper levels of the hydrogen atom [70, 71, 75]. It was
shown that two-photon cascade transitions could correct the
plasma ionization degree by fractions of a percent. Later,
these transitions were considered in detail in paper [92], which
studied the behavior of line wings that can play a significant
role in the deviation of the recombination rate from the
standard value. The back absorption by neutral hydrogen
and helium atoms of resonance photons that escaped the wing
of the corresponding resonance line due to the redshift was
also investigated in [93, 94]. The inclusion of this effect into
the recombination kinetics changes the respective ionization
degree of hydrogen and helium by ~ 0.2 and ~ 0.12 percent.

We now turn to the discussion of the CMB spectral
distortions (the cosmological recombination spectrum) aris-
ing due to plasma emission during recombination.

5. CMB spectral distortions during
recombination of the primeval plasma

5.1 Short-wavelength CMB spectral distortions
It is convenient to consider the short-wavelength and long-
wavelength CMB spectral distortions separately. This is not
due to some principal difference in the spectral distortion
formation mechanisms, but mostly due to different detection
techniques in future observations. At short wavelengths
(4 £ 300 pm), observations will be significantly hampered
by the presence of a high cosmic infrared background formed
by emissions from distant galaxies (Fig. 7). At the same time,
there is no such strong background in the centimeter and
decimeter bands, which facilitates the detection. In addition,
Earth’s atmosphere is transparent in these bands and
observations can be carried out by ground-based facilities.
The relative distortions of the CMB intensity in these bands
can be up to 1073 [51]. It is also important that the CMB
intensity is stronger at centimeter wavelengths than at short
wavelengths with 2 < 200 pum by several orders of magnitude.
The appearance of CMB spectral distortions in the Wien
part was first studied by Zeldovich et al. [6] and Peebles [9]. It
was recognized in these papers that the specifics of hydrogen
recombination in the early Universe causes the modern
CMB spectrum at 1 <5200 pm to be distorted due to the
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Figure 7. Cosmic background radiation spectrum of the Universe. /Iy, is the photon flux intensity, v is the frequency, 7 is the optical depth. / —radio
background from the galactic pole (dashed curve) and galactic plane (solid curve); 2— CMB spectrum measured by FIRAS/COBE; 3 — spectrum of
extragalactic microwave background radiation excess relative to the blackbody spectrum with the temperature 2.72 K (according to FIRAS/COBE data);
4—infrared background at 140 and 240 pm (dark squares) and upper limits at higher frequencies (dark triangles); 5— optical background:
measurements (dots with error bars); the solid line passing through the dots is the low-frequency extrapolation of the UV background; the short, nearly
horizontal line below these dots is the integral brightness of galaxies in the deep Hubble survey; 6— UV background; the asterisk is the upper limit
according to the Voyager spacecraft measurements; the solid vertical line is the model L, -spectrum from ionized intergalactic clouds at high redshifts; 7—
optical depth for absorption of hard UV radiation by the interstellar medium for hydrogen column densities 10!, 10'%, and 10'7 cm~2 (from right to left);
8 —soft X-ray emission: rectangles (the width is unimportant, the height corresponds to different measurement intervals); 9— high-energy background:
the dashed straight line is a low-frequency extrapolation. (According to the data in [95].)

two-photon emission and Ly-emission. At 1< 200 pum,
the CMB intensity should be several orders of magnitude
higher than the Planck spectrum intensity. For example, in
the flat cosmological model framework (Q = 1), the CMB
intensity at 4 = 100 pm was calculated to increase from
~ 1072 erg (cm? s Hz sr)~! [9] to ~ 1072* erg (cm? s Hz sr)~!
[6], while the Planck spectrum intensity at this wavelength is
B, ~ 4 x 1073 erg (cm? s Hz sr)~'. The general impression on
the shape of these distortions can be obtained from inspection
of Fig. 8 taken from [53].

Indeed, as a result of multiple acts of absorption and
emission, as well as of cosmological redshift in the expanding
Universe, L,-photons shift toward lower frequencies and
eventually move out from the line wing. Hence, these
photons cannot excite any more neutral hydrogen atoms
from the ground state to the n = 2 level, and the ‘escape’ of
L,-quanta becomes one of the hydrogen recombination

mechanisms. Of course, frequency-shifted (‘reddened’)
L,-photons can be absorbed by hydrogen atoms in excited
states, but the probability of this process is vanishingly small
because the number of atoms in excited states is many orders
of magnitude smaller than the number of atoms in the ground
state (ny/n; ~ 107" in the recombination epoch). Hence,
the optical depth for absorption of L,-photons by neutral
atoms is very small, and these photons become ‘excess’
relative to the equilibrium radiation background. Because
the L, wavelength is 49 ~ 0.12 pm and the maximum escape
rate of Ly-quanta from the profile wing occurs at the redshift
z = 1400 [65], the L,-line peak presently has the wavelength
A= Ap x 1400 = 170 pm.

CMB spectral distortions due to L,-emission have been
calculated by many authors since 1968. For example, in [68],
radiation transfer in the L,-line was considered taking partial
frequency redistribution and recoil during scatterings into
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Figure 8. CMB distortions due to the excess L,-quanta emission and two-
photon transitions according to [53]. Cosmological parameters are shown
in the figure, & = Hy/100 km s~! Mpc~!, where Hj is the modern Hubble
parameter value.

account. As a result, the L,-line intensity at A = 100 pm was
calculated to be I, ~ 1072—5 x 1072 erg (cm? s Hz sr)~!
[68]. In [53], the CMB spectral distortions due to L,-emission
and two-photon emission in the 2s — 1s transition were
calculated. The results are presented in Fig. 8, which
demonstrates the contribution of distortions due to L,-
emission and two-photon transitions and the total distor-
tions of the CMB spectrum for cosmological parameters
Q=1,Q,=0.06and Hy = 50 km s~! Mpc~'.

Later, several groups reconsidered this problem using
more precise calculations of the recombination kinetics [58,
59]. The results of calculations of the L,- and 2y-distortions
obtained in [58] are shown in Fig. 9. The two-photon
spectrum has a much broader profile than the L,-line
profile, and therefore these distortions lie in virtually one
spectral band, i.e., they overlap.

Thus, in most papers, the CMB intensity changes due to
the L,-photon excess and two-photon continuum amount to
10~** erg (cm? s Hz sr)~!, and the CMB intensity increases by
about a factor of two. However, such a substantial intensity
increase does not facilitate the detection of these recombina-
tion distortions, because the background emission from
different cosmic sources falls within the corresponding
wavelength range. The Cosmic Infrared Background (CIB)
intensity exceeds that of the CMB together with its distortions
at A < 200 pm. However, the CMB spectral distortions have a
specific shape, which can be used to distinguish them from the
smooth CIB. But in any case, the problem of decomposition
of the total signal into separate components, including the
distorted CMB, is very difficult, and can be solved only with
increasing experimental capabilities in the future.
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Figure 9. CMB distortions due to the excess Lyman-series quanta (solid
curve) and two-photon emission according to [58]. The L,-line (the
curve marked with crosses that almost coincides with the solid curve)
contributes most to the Lyman distortions; its peak intensity is
4.8 x 10727 Wm~2 sr~! Hz~!. Calculations for the standard cosmological
models with the parameters Q, = 0.044, Q,,, = 0.268, Q4 = 0.732, and
h=0.71.

5.2 Emission during transitions between higher levels

of hydrogen and helium atoms

We now consider plasma emission during transitions between
higher levels of hydrogen atoms with n > 2. The emission of
atoms in subordinate lines during recombination was first
considered in [50], but the first numerical calculations of
CMB distortions caused by this emission were performed
later [54, 57, 58].

As shown above, the dynamic equilibrium between
excited atomic states and the continuum is constantly
maintained due to a large number of transitions p +e¢ &
H*+v. and H; s H; +vy.. Here, H* and H;; denote the
hydrogen atom in some excited state and in the states with
n =1, j,and v, is a continuum-spectrum photon. As a result,
populations of excited levels are found in a state that is very
close to equilibrium with the continuum. However, due to
expansion of the Universe, certain deviations of level
populations from equilibrium arise, because not all i« j
transitions are eventually balanced. A small fraction of the
total number of transitions turns out to be uncompensated,
which results in the emission of excess photons (relative to the
equilibrium background), and is essentially why the recombi-
nation occurs. This picture is illustrated in Fig. 4. The dashed
arrows show one of the possible cascades due to which the
atom eventually turns out to be in the ground state, i.e., an
‘irreversible’ act of recombination occurs. Photons emitted
during such a cascade are uncompensated and become excess
relative to the blackbody CMB spectrum.

To characterize the efficiency of the excess photon
production in the line i — j, it is convenient to use the
quantity first introduced in [52] — the efficiency coefficient
of the corresponding transition N = Z:j/Z\,, where Z;; and
Z 1, are the rate of uncompensated transitions from level i to
level j (which is usually expressed in the units cm—3 s~!), and
from the second to the ground level. This coefficient has a
clear physical meaning: #,; is the mean number of photons
emitted in the transition i — j per act of uncompensated
recombination into the ground state. The transition efficiency
was calculated in great detail in [64], where deviations of the
populations of excited states from equilibrium were also
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Figure 11. Cosmological hydrogen recombination spectrum (intensity
enhanced by a factor of 10%) superimposed on the CMB blackbody
spectrum. A is the Planck intensity B, change due to CMB recombi-
nation distortions. The ACDM model with the parameters Hy =
75kms~! Mpc™!, @, = 0.04, and Q,, = 0.23 is used.

obtained and the numbers of uncompensated line transitions
were calculated. Numerical calculations were included by
Burgin in the code SPDCBR [85-87], which was used in [54]
to calculate the intensity of H, and P, recombination lines.
The results of the calculations are presented in Figs 10 and 11.
All calculations were done for the flat cosmological ACDM
model with the parameters Q, =0.7, Qp, =0.04, and
Hy =75 km s~! Mpc~!. Figure 10 shows lines Hy, Hg, Py,
continua H. and P, and the wing of the two-photon
continuum 2y. The H,, line is the strongest and has a peak
intensity of 6 x 1072* erg em™2 s~! Hz~! sr~!. Figure 11
demonstrates distortions, which are enhanced by a factor of
108 for clarity and are superimposed on the blackbody CMB
spectrum.

Using the physical model in [64], the authors of [57]
independently calculated the efficiency of different transi-
tions and obtained results coincident up to 1%. For the
Rayleigh—Jeans CMB spectral distortions (at hv;; < kgT),
the authors of [57] calculated the relative CMB temperature
change as

AT 3 dxp,  hv;

T:W;( 0% T (19)

Ntot(z)’?ip

where x, is the fraction of free protons in the plasma and
Niot(z) is the full number density of hydrogen. The relative
CMB distortions in the frequency range 1-100 GHz are then

AT/T < 3 x 1077, The ratio AT/ T decreases as the frequency
increases and reaches 107!9 at 100 GHz; the distortions
themselves are fairly low-contrast. We note that the drop in
relative CMB distortions is due to the CMB intensity itself
decreasing by more than three orders of magnitude in the
frequency range under consideration.

Interestingly, with the fine structure of the hydrogen atom
taken into account, the efficiency coefficient 7;; becomes
negative for some lines. This means that during hydrogen
recombination, photons with certain frequencies are more
likely to be absorbed than emitted; hence, ‘absorption’
features should arise in the cosmological recombination
spectrum. In other words, at certain frequencies, the CMB
intensity is slightly lower than the equilibrium value, while the
brightness of the background is enhanced at other frequencies
due to excess photons. We consider this process in more
detail.

We assume that channels of the ‘irreversible’ recombina-
tion into the ground state due to uncompensated line
transitions 2s < 1s and 2p < 1s are ‘switched off’. Then,
clearly, complete equilibrium between all excited hydrogen
levels, plasma, and radiation is established. In this case, due to
the principle of detailed balance, all cascade transitions are
compensated, because any pair of transitions between levels
i — j is compensated. Let now irreversible recombination
channels from the second level to the ground level be ‘turned
on’. These channels cause nonequilibrium, because cascades
leading to the ground state (which are uncompensated)
appear among many possible cascades. Photons emitted in
such cascades are also uncompensated, and hence there is an
excess relative to the equilibrium background.

We consider the situation where an electron recombines to
the 2p level of a hydrogen atom (directly or through
intermediate levels). Then there are three further possibilities
for the electron.

First, the electron can be photoionized in the continuum
directly or through intermediate states. No neutral hydrogen
atom is formed in this case, however, and in the end these
cascades produce no excess photons, because all such
cascades are mutually compensated on average (see above).

Second, the electron can transit into the ground state due
to scatterings and L,-photon escape from the line wing, which
results in the appearance of a neutral hydrogen atom and
excess photons.

Third, the electron can transit into the 2s state through
several transitions via upper levels, and from this state, the
electron can ultimately transit into the ground 1s state due to
irreversible recombination via two-photon decay. Two (the
simplest) possible trajectories allowed by the selection rules
and realizing the third case are presented in Fig. 12. It is seen
that in this cascade, one Balmer-series photon Hg is absorbed
and one Paschen-series photon P, and one Balmer-series
photon H, is emitted.

Thus, with the splitting of levels with respect to the orbital
momentum / taken into account, uncompensated transitions
to the ground state lead to both absorption and emission of
photons with different frequencies.

The same conclusion was reached in [58] and [63], where
the cosmological recombination spectrum was calculated
taking the dependence of the hydrogen level populations on
the orbital quantum number / into account. The CMB
spectral distortions in the frequency range from 1 GHz to
3500 GHz were calculated. The splitting of states into angular
momentum / substates was shown to significantly affect the
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Figure 12. Scheme of one possible trajectory of electron transitions
between hydrogen levels that results in absorption of a photon from the
equilibrium background.

shape and intensity of the hydrogen recombination lines. The
result is shown in Fig. 13 taken from [63]. Here, an important
note should be made with regard to the helium recombination
spectrum. In Section 4.4, we discussed the acceleration of Hel
recombination due to the absorption of resonance helium
quanta by residual neutral hydrogen atoms in plasma. This
significantly affects the CMB distortions arising during
helium recombination, because the acceleration of recombi-
nation enhances the contrast of helium recombination lines
(the lines become more narrow). Additionally, photons
absorbed by neutral hydrogen are later emitted in the L, line
to form a spectral feature near 1100 GHz [63]. Thus, in
addition to the main recombination L, line, a weaker L, line
arises in the spectrum emitted by hydrogen in the helium Hel
recombination epoch (in Fig. 13, it can be seen to the right of
the main L, line).

To measure the cosmological recombination spectrum
accurately enough to determine €, the measurement
errors must be an order of magnitude smaller than for
the recombination line intensity. This means that the
measurements must be carried out at a level of Al ~
107¥ ergem™2 s7! Hz ' srl.

5.3 Notes on possible future methods of observations
Because the CMB spectrum is identical in all directions, any
area in the sky can be observed, preferably where the
contribution from other cosmic backgrounds is minimal. It
is also important that the sought signal must be unpolarized,
which can be used to separate it from other sources. To search
for CMB distortions, the spectrum should be scanned in a
wide frequency range. It will not be necessary to measure the
absolute value of the radiation intensity; it will be sufficient to
search for deviations of the intensity from the blackbody
value, i.e., the ‘modulated’ signal with an amplitude of 10—
30 nK and Av/v ~ 0.1. Some researchers now consider the
10 nK accuracy to be reachable by modern instrumentation.

Apparently, the best method would be to seek a maximum
correlation between the observed and predicted spectra
shown in Figs 10 and 13. In our opinion, a modulating
Fourier spectrometer for the frequency range 100-1000 GHz
(from 3 mm to 300 um) with the spectral resolution R =
A/AJ ~ 10 could be most promising for this purpose.

6. Conclusion

The prediction and further measurement of temperature
fluctuations of the CMB have been the most important
milestones both in research on the early Universe and in the
development of measurement techniques. In the last 15 years,
progress in experimental technologies has allowed the CMB
measurement accuracy to increase by orders of magnitude.
On the one hand, this has enabled different cosmological
parameters to be determined with high precision (or to be
constrained), which has greatly improved our understanding
of the Universe. On the other hand, this progress has
demanded more precise theoretical predictions for successful
data analysis. In particular, in recent years, many papers have
appeared that address the details of cosmological recombina-
tion of the primeval plasma — the most important stage in the
evolution of the Universe, during which primordial hydrogen
and helium became neutral and radiation separated from
matter. In fact, we can study the CMB at the moment of last
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Figure 13. Cosmological recombination spectrum of hydrogen and helium in accordance with the calculations in [63]. Contributions from recombination
spectra of hydrogen and helium into the total spectrum are shown separately. The dashed lines show absorption spectral features. The calculations are

done for the standard cosmological model.
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scattering of photons on electrons and infer information
about that epoch from the CMB spatial and spectral features.

Presently, virtually all physical processes occurring in the
recombination epoch at redshifts 900 < z < 7000 have been
well studied, and it can be asserted that the research of the last
decade in this field reconstructs the complete picture of
cosmological recombination and related effects. After the
discovery of CMB temperature fluctuations, the challenging
task is to measure unique CMB deviations from the Planck
spectrum due to the photon emission during primeval plasma
recombination. Measurements of these deviations will allow
the improved determination of the CMB temperature
(monopole component), of the baryon to photon ratio, of
the primordial helium abundance, etc. It is also of funda-
mental importance that excess photons relative to the
equilibrium CMB spectrum, which were emitted during
recombination, are produced not near the last scattering
surface when the CMB temperature anisotropy pattern is
formed (zyc = 1000) but at earlier times. For example, the
maximum density of photons emitted during hydrogen and
helium (Hel and Hell) recombination occurs at respective
redshifts z ~ 1300—1400, z ~ 1800—1900, and z ~ 6000,
which allows ‘looking behind’ the last scattering surface.

The discovery of CMB recombination distortions would
provide not only direct observational evidence of the
primeval plasma recombination epoch but also a probe to
study the thermal history of the Universe at that time. In
particular, all physical processes (including both well-known
and theoretically studied, and possible unexpected phenom-
ena) that took place in that period affect the cosmological
recombination spectrum in a certain way. Hence, precise
measurements of this spectrum provide an invaluable probe
for conditions and processes of cosmological recombination.
Because the expected signal is extremely small (by the order of
magnitude, 107°—10"% times as small as the total CMB
signal), its experimental discovery is very challenging.
However, some researchers believe that such an unprecedent-
edly high accuracy of measurements can be realized in the
near future. The recombination spectrum has features
(mainly, the independence of the signal from the direction,
the absence of polarization, and the characteristic wave-like
shape of this spectrum) that could facilitate the detection of
this weak signal.

7. Appendix. Comparison of primeval plasma
recombination emission with nebular emission

From the methodological standpoint, it is interesting to
compare the physical conditions in gas nebulae and in the
primeval plasma in the recombination epoch, because the
theory of nebular spectrum formation has much in common
with the problem of the cosmological recombination spec-
trum generation. However, much more essential are differ-
ences that do not allow us to fully use the achievements of the
theory of emission nebulae in the problem considered here.
As is well known, the glow of gas nebulae is caused by the
emission of hot stars of early spectral types located in their
centers. The nebula absorbs high-frequency stellar radiation
and reprocesses it into low-frequency quanta. This suggests a
strong deviation from thermodynamic equilibrium. Indeed,
the radiation from the central star arrives at each point of the
nebula strongly diluted, which is characterized by the dilution
factor W = Q/4m, where Q is the solid angle subtended by the
star from a given point of the nebula. For the typical sizes of

gas nebulae and their nuclei, the dilution factor is about 1074,
Hence, the radiation density inside the nebula should be very
small, p, = Wp., where p is the radiation density of the star,
assuming the blackbody emission. The spectrum of the
radiation field in the nebula corresponds to a very high
stellar temperature, and hence there is a huge mismatch
between the radiation density and its spectrum. As a result,
a photon frequency redistribution occurs: high-energy quanta
turn into quanta with smaller wavelengths.

Thus, the main distinction of physical conditions in gas
nebulae and in the cosmological plasma is that in the plasma
we are dealing with an equilibrium radiation field with the
temperature 7 =~ 3500 K, while in the nebulae the radiation
field is highly nonequilibrium and has a low intensity, but its
spectrum corresponds to the temperature 7'~ 20,000 K.

Due to the low density, all neutral atoms in nebulae are in
the ground state (we note that the plasma ionization degree
there can be very high: the low radiation density is
compensated by a relatively small number density of free
electrons, e ~ 10* cm~). Therefore, nebulae are opaque for
the Lyman-series emission and are transparent in all sub-
ordinate series. Thus, the Balmer quanta and quanta from
other subordinate series freely move out of the nebula. All
cascade transitions downward in a hydrogen atom occur
virtually without delay, because the number of soft photons
is insufficient to ionize hydrogen from excited states. This
means that the excited hydrogen states are not in equilibrium
with the plasma or radiation.

A totally different situation occurs in the cosmological
hydrogen plasma. In this case, in the Planck radiation field
with the temperature about 3000-4000 K, there are many soft
photons with the energies about 3.4 eV or less that are capable
of maintaining the statistical equilibrium among the excited
hydrogen atoms, plasma, and radiation.

If we compare the degree of nonequilibrium of matter in
the nebulae and cosmological plasma, the ratio nen* /n; in the
nebulae differs from the equilibrium Saha value by a factor of
the order of the dilution coefficient W ~ 1074, At the same
time, as shown in Section 4.2, the ionization degree of the
cosmological plasma in the hydrogen recombination epoch
cannot differ from the equilibrium Saha value by more than a
factor of two. Taking these considerations into account, we
can conclude that the theory of nebular spectra cannot be
applied to the cosmological recombination spectrum. Never-
theless, these two theories largely share the same terminology
because the recombination radiation mechanisms are similar
in both cases.
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