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Abstract—We show that Compton scattering by electrons of the hot intergalactic gas in galaxy clusters
should lead to peculiar distortions of the cosmic background X-ray and soft gamma-ray radiation—an
increase in its brightness at hν � 60−100 keV and a drop at higher energies. The background distortions
are proportional to the cluster gas surface density, in contrast to the intensity of the thermal gas radiation
proportional to the density squared, which allows the most important cluster parameters to be measured.
The spectral shape of the background distortions and its dependence on the gas temperature, optical
depth, and surface density distribution law have been studied using detailed Monte Carlo calculations
and conformed by analytical estimations. In the cluster frame the maximum of the background decrease
due to the recoil effect occurs at hν ∼ 500−600 keV. The photoionization of hydrogen- and helium-like
iron and nickel ions leads to additional distortions in the background spectrum—a strong absorption line
with the threshold at hν ∼ 9 keV (and also to an absorption jump at hν � 2 keV for cold clusters). The
absorption of intrinsic thermal radiation from the cluster gas by these ions also leads to such lines. In
nearby (z � 1) clusters the line at hν ∼ 2 keV is noticeably enhanced by absorption in the colder (∼106 K)
plasma of their peripheral (�3 Mpc) regions; moreover, the absorption line at hν ∼ 1.3 keV, which does
not depend on the properties of the hot cluster gas, splits off from it. The redshift of distant clusters shifts
the absorption lines in the background spectrum (at ∼2, ∼9, and ∼500 keV) to lower energies. Thus, in
contrast to the microwave background radiation scattering effect, this effect depends on the cluster redshift
z, but in a very peculiar way. When observing clusters at z � 1, the effect allows one to determine how
the X-ray background evolved and how it was “gathered” with z. To detect the effect, the accuracy of
measurements should reach ∼0.1%. We consider the most promising clusters for observing the effect
and discuss the techniques whereby the influence of the thermal gas radiation hindering the detection of
background distortions should be minimal.
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INTRODUCTION

In recent years the effect of a decrease in the
brightness of the cosmic microwave background ra-
diation toward galaxy clusters has turned from an el-
egant theoretical idea (Sunyaev and Zel’dovich 1970,
1972, 1980, 1981; Sunyaev 1980; Zel’dovich and
Sunyaev 1982) into one of the most important tools
for studies in the field of observational cosmology
and astrophysics of the early Universe. The energy
redistribution of photons in the background radiation
spectrum after their Thomson scattering by electrons
of the hot (kTe ∼ 2−15 keV) intergalactic cluster gas
underlies this effect. In this case, a deficit of photons
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is formed in the low-frequency part of the spectrum
(at energies hν � 3.83kTr, where Tr � 2.7 K is the
current temperature of the cosmic microwave back-
ground radiation), i.e., a “negative” source (a “hole”
in the background) appears, while a bright “positive”
source with an unusual spectrum appears in the high-
frequency part. This effect is unique in that its action
is determined by the optical depth of the cluster gas
for scattering by electrons along the line of sight τT =
σT

∫
Ne(l)dl, i.e., it is proportional to the gas density

and not to the density squared, as the brightness of
the intrinsic thermal radiation from the hot gas. Here,
σT is the Thomson scattering cross section. Surpris-
ingly, the amplitude of the effect does not decrease
with cluster distance (redshift z); the spectral shape
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of the background distortions does not depend on z
either. Owing to these properties, the effect is widely
used to determine the parameters of clusters and to
effectively search for them. The effect is successfully
observed with the specially constructed SPT (South
Pole Telescope, Carlstrom et al. 2002; Williamson
et al. 2011; Bleem et al. 2015) and ACT (Atacama
Cosmology Telescope, Hasselfield et al. 2013) tele-
scopes and a number of other telescopes (Birkin-
shaw 1999); the Planck satellite (Ade et al. (Planck
Collaboration) 2014, 2015, 2016a) has made an enor-
mous contribution to the investigation of the effect.

In this paper we consider a similar effect—the dis-
tortions arising due to scattering by electrons of the
hot gas of clusters in the cosmic X-ray background.
The existence of such an effect has already been men-
tioned in Sunyaev and Zel’dovich (1981), Zel’dovich
and Sunyaev (1982), and Khatri and Sunyaev (2019).
Based on simple nonrelativistic (hν � mec

2) esti-
mates, these authors concluded that it is impossible
to directly observe the effect against the intrinsic ther-
mal X-ray background of the cluster gas. At the same
time, they noted that it is potentially important to take
into account this effect when considering the thermal
balance of the gas. In this paper we performed rela-
tivistically accurate Monte Carlo computations of the
effect and investigated and discussed the prospects
for its observation in a harder (hν � 60 keV) energy
range.

The X-ray background (diffuse) radiation differs
from the cosmic microwave background radiation by
its origin (it is a superposition of the radiation spectra
of a large number of AGNs—active galactic nuclei
and quasars), but, at the same time, it is also charac-
terized by a high degree of isotropy and homogeneity.
In the standard (hν � 10 keV) X-ray range from 60
to 80% of the background radiation has already been
resolved into separate (point) sources by telescopes
with grazing-incidence mirrors (see, e.g., Hasinger
et al. 1998; Miyaji et al. 2000; Giacconi et al.
2001); another ∼10% of the background has been
explained by the thermal radiation of the gas in galaxy
clusters. An extrapolation of the X-ray spectra for
detected AGNs to the harder (hν � 10 keV) energy
range, which takes into account the evolution of their
number and the composition of their population with
z, shows that here they should also make a dominant
contribution to the background spectrum (Sazonov
et al. 2008; Ueda et al. 2014; Miyaji et al. 2015). It fol-
lows from the simulations by Ueda et al. (2014) that
the observed background spectrum is formed mainly
at z ∼ 1 or slightly farther, but its shape changes
little even at higher z, while the intensity (in the
rest frame) decreases slowly (in the range z ∼ 1.5−3
the emissivity of AGNs remains almost constant, see

Miyaji et al. 2000; Ueda et al. 2014). To a first approx-
imation, up to z � 2 we may neglect these changes
and assume that the X-ray background, along with
the cosmic microwave one, is subject only to the
ordinary cosmological expansion (see, e.g., Madau
and Efstathiou 1999). The increase in the fraction
of AGNs with high luminosities at z � 1 is of greater
importance. This should lead to an enhancement of
the background fluctuations. Later we will discuss
whether the appearance of such AGNs affects the
detection of the effect under consideration.

The action of Compton scattering on cosmic mi-
crowave and X-ray background photons also differs:
when the cosmic microwave background radiation is
scattered, the electron temperature exceeds the pho-
ton energy and, therefore, the photons gain energy
due to the Doppler effect; when the X-ray radiation
is scattered, the photon energy exceeds (or at least
is comparable to) the electron temperature and, ac-
cordingly, the photons, as will be shown below, on
average, lose their energy due to the recoil effect.

THE X-RAY BACKGROUND SPECTRUM

The broadband spectrum of the hard X-ray (hν >
3 keV) cosmic background radiation was measured
with the instruments of the HEAO-1 observatory
(Gruber et al. 1999a). Although the absolute normal-
ization of the spectrum was subsequently the subject
of discussion (the INTEGRAL observations gave a
value greater by ∼10%, Churazov et al. 2007), the
shape of the background spectrum was confirmed.
We will use the following fit to the background spec-
trum (Gruber et al. 1999a):

S0(E) �

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

7.877 E−0.29e−E/41.13, at E < 60

0.0259 (E/60)−5.5+

0.504 (E/60)−1.58+, at E > 60.

0.0288 (E/60)−1.05

(1)

Here, S0(E) is the flux expressed in
keV cm−2 s−1 keV−1 sr−1 and E is the photon en-
ergy hν in keV. This fit agrees well with the gamma-
ray background measurements at energies 1 MeV–
100 GeV by the COMPTEL and EGRET telescopes
of the CGRO observatory. The undistorted back-
ground spectrum corresponding to this fit is indicated
in Fig. 1a by the thick solid (blue) line. The dotted
line indicates the spectrum corresponding to the
extension of the soft component in Eq. (1) to the hard
range.

As we will see below, the distortions in this spec-
trum that arise when the background radiation inter-
acts with electrons of the hot gas in a galaxy cluster
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Fig. 1. (a) Spectra of the cosmic X-ray background (solid thick blue line) and the thermal (bremsstrahlung and recombination)
X-ray radiation from the hot intergalactic gas (thin green line, 5-eV resolution) of a cluster with a core radius Rc = 350 kpc
and uniform electron temperature and density distributions inside it, kTe = 5 keV and Ne = 1.4× 10−3 cm−3 (so that
τT = 2× 10−3), the gas metallicity is Z = 0.5 Z�. The dashed line indicates the exponential extension of the background
fit at low (hν � 60 keV) energies. (b) The relative background distortions due to scattering by cluster gas electrons with the
same temperature kTe = 5 keV, but different optical depths for Thomson scattering, τT = 2, 4, 8, 12, and 16× 10−3 (along
the line of sight passing through the cluster center). (c) Attenuation of the distortions when they are observed at different
impact parameters ρ = 0.25, 0.5, 1.0, 1.5, 2.0, and 3.0Rc relative to the center for a cluster with a β density distribution with
Nc = 7.5× 10−3 cm−3 and the same core radius and temperature as those on other panels. The thin (green) lines indicate the
distortion profile at the center. The thermal gas radiation is included in the distortions. The dotted straight lines correspond to
the unperturbed background for each case.

are fairly small and do not exceed the current ac-
curacy of our knowledge of the spectrum shape and
parameters. In this regard the effect being discussed
seems more difficult to measure than the distortion of
the microwave background radiation whose spectrum
has an almost ideal Planckian shape. However, if
the accuracy of X-ray and gamma-ray measurements
will increase to the required level in future, then the
undistorted spectrum will be remeasured simultane-
ously with the distorted one, which will allow the
deviations to be revealed. The estimates of the relative
deviations of the background spectrum presented in
this paper remain valid.

MONTE CARLO COMPUTATIONS
As the initial approximation we will assume the

hot gas in a cluster to be distributed spherically

symmetrically with uniform electron density Ne and
temperature kTe within its radius Rc. The optical
depth of such a gas cloud for scattering calculated
along the line of sight passing through its center
will be τT = 2σTNeRc = 2τc. Our calculations of
the Compton scattering of the background radiation
in such a cloud were performed by the Monte Carlo
method in accordance with the algorithms developed
by Pozdnyakov et al. (1983). The background
radiation was assumed to be incident on the cloud
isotropically. The angle-averaged radiation leaving
the cloud was considered as the emergent one. In
this sense, characterizing below the amplitude of the
distortions in the spectrum by the optical depth along
the line of sight passing through the cloud center, by
τT we mean the characteristic of the cloud itself. The
gas cloud with an optical depth τT = 1× 10−2 has a
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mass Mg � 3.1× 1013 (τT/0.01)(rc/350 kpc)2 M�.
The total mass M500 of the corresponding cluster,
including the dark matter, should be greater at least
by an order of magnitude. This is a moderate-mass
cluster like the Coma cluster. Below we will also
consider more massive clusters (see Table 4).

The hydrogen and helium in the cluster gas were
assumed to have normal cosmic abundances, X �
0.74 and Y � 0.24 by mass (Allen et al. 1973), re-
spectively, Ne � (X + 0.5Y )ρ/mp � 0.86ρ/mp. As a
rule, the abundance of the iron-group elements was
taken to be Z = 0.5Z�, but it could change. At
a gas temperature typical for clusters the atoms of
most elements are ionized fully, iron is ionized to
the hydrogen- and helium-like states, and nickel is
ionized to the lithium-like state. Photoabsorption by
Fe XXVI and Fe XXV ions introduces distortions into
the spectrum comparable in relative amplitude to the
distortions due to scattering by electrons. Therefore,
this process should be taken into account in the cal-
culations.

The degree of iron ionization for a plasma of the
required temperature was obtained from the code
by Raymond and Smith (1977), which is used to
compute the ionization balance of an optically thin
plasma. Apart from the Fe XXV and Fe XXVI ions,
the absorption by Fe XXII–Fe XXIV ions was taken
into account when computing the distortions of the
background spectrum. The absorption by Ni XXIII–
Ni XXVIII ions1 was taken into account in the same
way. The ionization by background photons in the
ionization balance was neglected. We used the fits
of the cross sections for photoabsorption by various
ions from Verner and Yakovlev (1995) and Verner
et al. (1996). The bremsstrahlung and recombination
radiation spectrum of the intergalactic cluster plasma
was also computed using the Raymond–Smith code.
The thin solid (green) line in Fig. 1a indicates this
spectrum for a cluster with a plasma temperature
kTe = 5 keV. On the whole, the recombination onto
the iron atoms ionized as a result of cosmic back-
ground photoabsorption is analogous to the recombi-
nation onto the ions formed by collisional processes.
The corresponding recombination radiation gives
only a small �1% contribution to the intensity of the
recombination radiation predicted by the Raymond–
Smith code and does not change its spectrum.

The Model with a Uniform Density Distribution

Figure 1b presents the distortions in the back-
ground radiation spectrum (Eq. (1)) computed for

1 In our computation of the photoabsorption in a warm-hot in-
tergalactic medium with kTe = 0.2 keV we took into account
the Fe XIV–Fe XVII and Ni XIII–Ni XVII ions.

various optical depths of the cloud.2 The plasma
temperature was assumed for all computations to
be the same and equal to kTe = 5 keV, the heavy-
element abundance was Z = 0.5 Z�. It can be seen
from the spectrum corresponding to τT = 1.2× 10−2,
for which the thin (green) line indicates the result
of our computation without absorption by iron ions,
that Compton scattering slightly (by ∼0.02%) raises
the background intensity at energies hν � 40 keV.
However, photoabsorption reduces this rise beyond
the iron ionization threshold hν � 9 keV (blue line).
In contrast, a dramatic drop in intensity reaching
∼0.2% near the threshold is observed in the back-
ground spectrum due to absorption at these energies.
The maximal increase and decrease in intensity in
the spectrum are �0.005 and ∼0.03−0.04% for the
spectrum corresponding to the smallest optical depth
τT = 2× 10−3 of those considered and reach ∼0.03
and ∼0.23%, respectively, for the largest optical depth
τT = 1.6× 10−2. The background spectrum also ex-
hibits a weak absorption line on theL shell of iron ions
with the threshold at hν � 2 keV and an amplitude of
∼0.04% (for a cluster with τT = 1.6× 10−2).

At energies hν � 60 keV scattering by electrons
leads to a “dip” in the background spectrum due
to the recoil effect. As a result of this effect, the
photons lose a certain fraction of their energy and are
shifted downward along the frequency axis. These
shifted photons make a certain contribution to the
intensity excess in the spectrum at energies hν �
60 keV (to be more precise, at hν � kTe, see the
low-frequency asymptotics to Eq. (10) below and the
curve corresponding to kTe = 0 keV in Fig. 7). The
soft photons shifted upward along the frequency axis
(to hν ∼ 3kTe) due to the Doppler effect make a major
contribution to the excess.

In the range hν ∼ 500−600 keV, where the depth
of the dip in the background spectrum due to the
recoil effect is maximal, the drop in background radia-
tion brightness reaches 0.1−0.2% for realistic optical
depths of the cluster, τT ∼ (4− 12)× 10−3. At τT =
1.6 × 10−2 the dip deepens to ∼0.25%. In Table 1
the depth of the MeV dip is given in terms of the
equivalent width Wγ for various Thomson optical
depths τT of the gas. Given that the line is broad and
the background intensity along its profile can change
greatly, we defined the equivalent width as follows:
Wγ =

∫∞
νth

(F0 − Fν)/F0dhν, where F0(ν) is the pho-
ton spectrum of the background [S0(ν) = hνF0(ν)].
We considered the same model cluster with a uniform
density, Rc = 350 kpc, and kTe = 5 keV. The table

2 Or various electron densities Ne, because at a fixed cluster
core radius the optical depth and density are related uniquely,
τT ∼ Ne.
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Table 1. Parameters of the MeV dip in the background
spectrum toward a cluster with a uniform gas densitya

τT, hνb
th, hνc

γ , hΔνd
γ , W e

γ ,

×10−3 keV keV MeV keV

2 29 584 2.3 1.1

4 33 584 2.7 3.4

8 35 584 2.9 10.0

12 33 584 3.0 18.1

16 35 604 3.0 27.1
a kTe = 5 keV.
b The energy of the beginning of the dip.
c The energy of the deepest point of the dip.
d The FWHM of the dip.
e The equivalent width of the dip.

also gives the energies of the beginning, hνth, and
the center, hνγ , of the dip in the spectrum and its full
width at half maximum (FWHM) hΔνγ . Whereas the
hνth and hνγ variations in Table 1 can be attributed to
the error of our calculation, the changes in hΔνγ and
Wγ are real, they reflect a drop in the dip amplitude as
τT decreases.

Note that the dips in the background spectrum
related to the recoil effect and photoabsorption are
formed in the radiation going through the cluster from
its back side. To a first approximation, their depth is
proportional to the mean optical depth of the cluster
gas in this direction:

〈τT〉 =
2

R2
c

Rc∫

0

τT(ρ)ρdρ =
2

3
τT, (2)

where τT(ρ) is the Thomson optical depth of the
cluster along the line of sight passing at an impact
parameter ρ from the center. It is

τТ(ρ) =

⎧
⎪⎨

⎪⎩

τT
(
1− ρ2/R2

c

)1/2
, at ρ < Rc

0, at ρ � Rc

(3)

The amplitude of these dips in the background spec-
trum should be very sensitive to its spatial fluctua-
tions. To reliably detect the effect of a decrease in
background brightness at the corresponding ener-
gies, it is necessary to use extended (nearby) clusters.

In contrast, the increases in background intensity
below hν < 60 keV are associated with the scattered
photons. These are the photons of the radiation in-
cident on the cluster from all sides, least of all from

its back side (the photons coming from the back side
are scattered at small angles and do not contribute
noticeably to the spectral distortion). Figure 2 shows
separately the spectra of the distortions arising in the
direct escape radiation and scattered radiation in a
cluster with a temperature kTe = 5 keV and an op-
tical depth τT = 1.2× 10−2. It is clearly seen that all
“negative” features (due to photoabsorption and the
recoil effect) are contained only in the direct escape
spectrum; the scattered photon spectrum is smooth
and has no distinct features. Formally, the scattered
photons are also subject to photoabsorption and are
shifted to lower energies after recoil (in secondary
interactions with the gas), but these effects are negli-
gible due to the smallness of its optical depth.

The contribution of various sky regions to the
scattered radiation spectrum is defined by the phase
function, which in the nonrelativistic limit hν �
mec

2 has a simple form, dσT(θ) = (3/8)σT(1 +
cos θ2) sin θdθ, where θ is the scattering angle (and,
in view of the symmetry of the phase function, the
photon arrival angle relative to the line of sight toward
the cluster). This is a smooth function. Clearly, the
photons responsible for the increase in background
intensity in the cluster due to the Doppler effect are
collected from the entire sky and, hence, these dis-
tortions should not be sensitive to spatial background
fluctuations.

Dependence on the Gas Temperature

Figure 1a shows that the detection of distortions
in the background spectrum in the X-ray range hν �
60 keV will be greatly complicated due to the intrinsic
thermal radiation of the intergalactic gas.

The chances to detect the distortions increase for
relaxed clusters with a lower temperature. This is
illustrated by Fig. 3, in which the changes in the
amplitude and shape of the distortion spectrum are
shown as a function of the gas temperature. We again
consider the model cluster with a uniform density
distribution within the radius Rc = 350 kpc and an
optical depth along the line of sight passing through
the center τT = 1.2× 10−2. In Fig. 3a the gas tem-
perature in the cluster was assumed to be 2 keV.
The figure gives a general idea of the relationship
between the background spectrum and the thermal
radiation spectrum of the cluster gas (just as Fig. 1a,
which gives such an idea for a cluster with kTe =
5 keV). Figure 3b shows the relative distortions (in
percent) arising in the background spectrum after
scattering and absorption in the gas of such a clus-
ter. We considered various gas temperatures kTe =
2, 3, 5, 8, 12, 16, and 20 keV.
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The depth of the MeV dip in the background
spectrum due to the recoil effect after scattering by
electrons is almost independent of the gas tempera-
ture. As would be expected, the amplitude of other
“negative” changes in the spectrum (the dips due to
photoabsorption) reach its maximum for a cold gas
with kTe = 2 keV. The depth of the dip beyond the
threshold hν ∼ 9 keV is ∼0.25%. The amplitude of
the line at 2 keV also increases (to ∼0.1%). These
values refer to the case where the metallicity in the gas
is Z = 0.5 Z�. The amplitude of the absorption lines
changes as the metallicity increases and decreases. In
the figure this change is indicated by the thin (green)
lines for kTe = 2 keV (Z = Z�) and kTe = 20 keV
(Z = 0).

In contrast to the “negative” changes in the back-
ground spectrum, the amplitude of the “positive” de-
viation (the excess of background radiation due to
the Doppler effect) is maximal for the hottest gas
with kTe = 20 keV. At energies hν ∼ 60−80 keV a
broad emission feature (line) whose relative amplitude
reaches ∼0.1−0.15% is formed in the corresponding
spectrum of the background distortions partly due to
the Compton processes and partly due to the proper-
ties of the background spectrum itself.

In Fig. 3c the thermal radiation of the intergalactic
gas was added to the background distortions (the
measurements are assumed to be performed toward
the cluster center). We see that the energy range
that allows the Compton distortions to be directly
observed in the background spectrum, without any
illumination by the thermal gas radiation, turns out
to be sufficiently wide only for relaxed clusters with

a gas temperature kTe � 5 keV. For young clusters
(or clusters that have recently experienced a tidal
effect from another close cluster), where the gas has a
higher temperature, the lower boundary of the range
admitting a direct observation of the effect is shifted
into the gamma-ray energy range hν ∼ 400 keV.

Note that the iron and nickel ions were assumed
to be at rest when computing the photoabsorption
line profiles. This is admissible, because the Doppler
broadening and smearing related to the thermal mo-
tion of ions, for example, for the profile of the absorp-
tion jump at hνth = 9 keV at typical gas tempera-
tures for clusters is only ∼hνth(2kTe/56mpc

2)1/2 ∼
5(kTe/5 keV)1/2 eV. The resolution of the compu-
tations presented in Figs. 1 and 3 and most of the
succeeding figures, hΔν ∼ 0.0345hνth � 300 eV, is
much coarser. Even in Fig. 4, which shows a de-
tailed profile of this line (with a resolution that is bet-
ter by several times), to demonstrate its complexity
and multicomponent structure, the thermal motion of
iron and nickel ions could smooth only slightly the
sharpest features of the fine line structure.

Figure 4 shows that the edge of the absorption line
near the threshold is strongly distorted even without
any thermal broadening. It has the shape of a more
or less regular “step” only in the case of kTe = 3 keV.
At lower temperatures the beginning of both lines is
shifted leftward, the threshold turns into a semblance
of a “flight of stairs” consisting of several successive
steps. At higher temperatures additional steps ap-
pear on the right, shifting the threshold of the lines
by 300–400 eV to greater energies. On reaching
kTe = 8 keV, the absorption line with the threshold at
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∼2 keV virtually disappears, the amplitude of the hard
line at hν ∼ 9 keV also decreases.

Table 2 gives basic parameters of the line with the
threshold at ∼9 keV, including its equivalent width
WX. Since this line is formed in a region of enhanced
background flux (through the Compton continuum
forming in the cluster due to the Doppler effect after
scattering by electrons), its equivalent width WX =∫∞
νth

(Fc − Fν)/Fcdhν was determined relative to this
enhanced level Fc(ν) (the background photon spec-
trum distorted in the cluster obtained in the limit
Z → 0). The table presents the dependence of line
parameters on the gas temperature and metallicity.
As the temperature rises, the effective threshold of
the line hνth and the energy of the deepest point of
its profile hνX are shifted by 400–500 eV to higher
energies. The cause can be understood from Fig. 4—
a new step related to the absorption of photons by
more strongly ionized iron and nickel ions appears
in the structure of the left line edge. For the same
reason, the line width hΔνX (FWHM), which slightly
increases with temperature probably due to a change
in the shape of the Compton continuum, decreases
abruptly by ∼500 eV on reaching kTe = 12 keV. At
this time the step height reaches half the absorption
line depth.

The Model with a β Density Distribution

Peripheral observations of the gas in clusters with
a real (decreasing with radius) density distribution
could also have a certain advantage in combatting
the thermal radiation. Indeed, the thermal radiation
intensity is proportional to N2

e , while the distortions
due to scattering by electrons are proportional to Ne.
Accordingly, the contribution of the thermal radiation
should drop to the cluster edge faster than that of the
scattered one (Zel’dovich and Sunyaev 1982).

The action of this effect is demonstrated by Fig. 1c,
in which the distortions of the background spectrum
(including the thermal plasma radiation) are repre-
sented by the thick (blue) lines for various impact
parameters ρ from the cluster center. For comparison,
the thin (green) line indicates the spectrum of the
distortions that should be observed toward the center.
In the case of large ρ, the lines intersect, suggesting
that the contribution of the thermal radiation vanishes
at lower energies than those for the observations to-
ward the cluster center. The spectra shown in this
figure were computed for a β gas density distribution
(Cavaliere and Fusco-Femiano 1976), which agrees
satisfactorily with the observed X-ray brightness dis-
tribution of many clusters (Arnaud 2009),

Ne = Nc

(

1 +
R2

R2
c

)−3β/2

. (4)

Table 2. Parameters of the photoabsorption line with the
threshold at ∼9 keV in the X-ray background spectrum
toward a cluster with a uniform densitya

kTe, hνb
th, hνc

X, hΔνd
X, W e

X,

keV keV keV keV eV

Z = 0.5Z�

1.5 8.29f 8.83f 2.98 12.7

2 8.38 8.83 3.06 14.0

3 8.58 8.83 3.18 13.6

5 8.58 8.83 3.69 11.9

8 8.68 9.35 3.91 8.4

12 8.68 9.35 3.43 5.3

Z = 1.0Z�

1.5 8.29 8.83 3.03 25.5

2 8.38 8.83 3.08 28.1

3 8.58 8.83 3.14 27.4

5 8.58 9.35 3.70 23.9

8 8.68 9.35 3.86 17.0

12 8.68 9.35 3.38 10.7
a τT = 1.2 × 10−2.
b The threshold energy.
c The energy of the deepest point of the line.
d FWHM.
e The equivalent width.
f The value reflects the resolution of our calculations.

It follows from observations (Jones and Forman 1984)
that for most clusters β � 2/3. At such β the cluster
surface emission measure EM(ρ) = 2

∫∞
0 N2

e (ρ)dl
defining the thermal radiation intensity and the
Thomson optical depth along the line of sight τT(ρ) =
2σT

∫∞
0 Ne(ρ)dl defining the amplitude of the spectral

distortions due to scattering and absorption at an
impact parameter ρ are, respectively,

EM(ρ) =
π

2

(

1 +
ρ2

R2
c

)−3/2

N2
c Rc (5)

and

τT(ρ) = π

(

1 +
ρ2

R2
c

)−1/2

σTNcRc. (6)
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Fig. 5. Comparison of the relative background distortions arising in a “real” galaxy cluster (thick blue lines) with a β gas
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same Thomson optical depths τT = 1.2 × 10−2 (along the line of sight through the cluster center), core radii Rc = 350 kpc,
electron temperatures kTe = 5 keV, and Z = 0.5 Z�. We considered the cases with various break radii Rb of the β profile.

The gas emission measure EM in a real cluster is
seen to drop with increasing ρ much faster than the
optical depth τT. Therefore, at large ρ the thermal
radiation should cease to hinder the background ob-
servations at lower energies than in the observations
toward the cluster center. This is illustrated by Fig. 1c
based on Eqs. (5) and (6). Unfortunately, the ex-
tension of the range favorable for the observation of
background distortions after scattering turns out to
be moderately large, while the amplitude of the effect
proper, in turn, decreases quite rapidly with increas-
ing ρ.

In the computation whose result is used here, as
before, the intergalactic gas temperature was taken
to be kTe = 5 keV, the cluster core radius is Rc =
350 kpc, and the Thomson optical depth of the gas
along the line of sight passing through the cluster
center is τT = 1.2× 10−2. The distortions in the
background spectrum toward the center (at ρ = 0)
were computed by the Monte Carlo method by as-
suming the density profile to break at the “outer”
radius Rb = 2Rc.

The dependence of the results of our computations
on Rb is investigated in Fig. 5. The spectra of the
background distortions arising in clusters with a β
gas density distribution, the same temperatures kTe

and optical depths along the line of sight toward the
center τT, but different break radii of the β density
profile Rb = 1, 2, 5, and 10Rc are shown here. For
comparison, the thin lines indicate our computations
of the background distortions in a cluster with a uni-
form density distribution (with the same kTe, Rc, and
τT).

A change in Rb slightly changes the optical depth
of the gas τT(ρ = 0, Rb) in a real cluster relative to
τT(ρ = 0) = πσTNcRc following from Eq. (6) (de-
rived in the limit Rb → ∞). Nevertheless, it is appro-
priate to compare the clusters of equal optical depths
for the pure effect of different cluster geometries to
be seen. For this purpose, in the computations in
Fig. 5 the central density Nc of the cluster profile in
Eq. (4) was multiplied by 0.5π/arctan(Rb/Rc). With
or without this correction, the model clusters consid-
ered, of course, cannot be deemed identical, if only
because the cluster gas mass increases noticeably
with Rb from Mg = 3.0× 1013 M� for Rb = 1Rc to
Mg = 6.4 × 1014 M� for Rb = 10Rc.

Figure 5 shows that the cluster with a real den-
sity distribution with Rb = 1Rc leads to virtually the
same background distortions in amplitude and shape
of the energy dependence as does the cluster with
a uniform density distribution. It can also be seen
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from the figure that even despite the increase in the
mass of the cluster with a real density distribution
with increasing Rb, the amplitude of the background
distortions decreases rapidly in this case. This behav-
ior can be explained by taking into account the fact
that the Thomson optical depth of the intergalactic
gas averaged over the visible area of the cluster with a
β profile, 〈τT〉, decreases with increasing Rb. Indeed,
by integrating the optical depth from Eq. (6) over the
area 2π

∫ Rb
0 τT(ρ)ρdρ and normalizing to πR2

b, we find

〈τT(Rb)〉 = 2τT
R2

c

R2
b

[(

1 +
R2

b

R2
c

)1/2

− 1

]

(7)

�0.83τT at Rb = 1Rc and �0.18τT at Rb = 10Rc.

Note that we compute the average spectrum of the
background distortions in the cluster by the Monte
Carlo method. To obtain the background distortions
toward its center (ρ = 0) presented in Fig. 1c, their
amplitude was properly corrected for the above de-
crease in optical depth when averaged over the visible
cluster area π(2Rс)

2.
From the viewpoint of effective detection of the

background distortions due to the interaction with the
gas cluster, Fig. 5 clearly indicates that the cluster
observations by a telescope with an aperture (angular
resolution) covering the central part of the cluster
with a radius �2Rc are preferable. A similar con-
clusion can be drawn from an analysis of the back-
ground distortions arising in a cluster with the density
distribution predicted by the Navarro–Frenk–White
model (hereafter NWF, Navarro et al. 1997). Such a
cluster is analyzed in the Appendix.

Spectral Distortions of the Intrinsic Gas Radiation

The detection of the background distortions asso-
ciated with its interaction with the hot gas of galaxy
clusters is complicated not just by the presence of
intense intrinsic gas radiation. In turn, distortions
whose amplitude exceeds noticeably the relative am-
plitude of the background distortions appear in the
spectrum of this thermal radiation.

Indeed, the Raymond–Smith code, along with
other codes used to compute the bremsstrahlung and
recombination radiation spectrum of an optically thin
plasma, suggests that the optical depth of the plasma
τT → 0 and, therefore, takes into account only the
collisional processes and disregards the ionization
of the iron-group elements by the intrinsic plasma
radiation. It also disregards the Compton scattering
of the plasma radiation inside the cluster. Meanwhile,
as the results of our computations presented in this
paper show, the optical depth of the cluster gas is
enough for strong absorption lines at hν � 2 and

9 keV and other features to be formed in the spec-
trum when the background radiation passes through
it. Obviously, such spectral distortions should also
appear in the intrinsic gas radiation.

Figure 6a shows the results of our Monte Carlo
computations of such distortions (in % to the thermal
radiation of the intergalactic gas) for a cluster with a
uniform density with τT = 1.2× 10−2, kTe = 2, 3, 5,
or 12 keV and Z = 0.5 Z�. We used the same code as
that for the background distortion computations, but
the source of photons was assumed to be uniformly
distributed throughout the cluster and its radiation
spectrum was taken from our computations of the
optically thin plasma spectrum by the Raymond–
Smith code for a cluster temperature kTe (only the
continuum bremsstrahlung was taken into account).

We see that the distortions arising in the spec-
trum of the thermal gas radiation resemble those in
the background spectrum. However, this is also a
difference. The bremsstrahlung spectrum abruptly
breaks at energies �kTe. At the same time, Comp-
tonization shifts the photons upward along the fre-
quency axis, tending to form a Wien spectrum with
a characteristic break energy ∼3kTe. This process
explains the sharp increase in radiation intensity at
energies hν � kTe. The process is well known in X-
ray astronomy and is successfully used to explain the
observed spectra of accreting black holes (see, e.g.,
Shapiro et al. 1976; Sunyaev and Titarchuk 1980).
The upward shift of the photons along the frequency
axis is determined by the Doppler effect; after each
scattering the average change in photon frequency is
Δν/ν ∼ (kTe/mec

2)1/2. A competing process is the
recoil effect, which in the nonrelativistic limit lowers
the photon frequency after scattering, on average,
by Δν/ν ∼ hν/mec

2 (these estimates can be easily
obtained from the Kompaneets equation, see below).
The processes are balanced at

hν∗ ∼ (kTemec
2)1/2 ∼ 32(kTe/2 keV)1/2 keV. (8)

Accordingly, for clusters with a low gas temperature
kTe � 2−3 keV a broad emission feature centered
at energies ∼30−50 keV is formed in the distortion
spectrum (Fig. 6); for hotter clusters the distortions
grow with energy until the complete cutoff of the
thermal spectrum. Formula (8) to some extent also
explains the energy of the broad emission feature ap-
pearing in the distortion spectrum of the background
in hot galaxy clusters (Fig. 3b).

The amplitude of the distortions in the thermal
plasma radiation spectrum is ∼τT and accounts for
fractions of percent of the intensity of the spectrum
itself (just as the amplitude of the cosmic background
distortions). However, since the thermal radiation
intensity in the X-ray range exceeds the background
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Fig. 6. Formation of absorption lines in the thermal radiation spectrum of the cluster gas due to the ionization of iron ions:
relative to (a) the thermal radiation itself and (b) the cosmic background radiation. A cluster with a uniform density, radius
Rc = 350 kpc, τT = 1.2× 10−2, Z = 0.5 Z�, and various gas temperatures kTe.

intensity by two or three orders of magnitude, these
distortions are comparable to the background inten-
sity. When the observed cluster radiation spectrum
is fitted by the thermal radiation model of an opti-
cally thin plasma, these distortions, including the iron
ion absorption lines, will not be subtracted and will
lead to a noticeable enhancement of the distortions
formed directly in the background spectrum. This is
clearly seen from Fig. 6b, in which the background
distortions and the thermal gas radiation distortions
are added together and are given in percent relative
to the background spectrum. The amplitude of the
distortions in the iron and nickel photoabsorption
lines reaches 100% or more. Note that the absorp-
tion line with the 9-keV threshold greatly weakens
in the distortion spectra of cold clusters with kTe =
2−3 keV in Fig. 6b, although in Fig. 6a it has the
largest amplitude among all of the clusters considered

relative to the thermal radiation spectrum. This is
due to the general rapid (exponential) drop in thermal
radiation at these energies from cold clusters. The
line with the threshold at ∼2 keV in them still reaches
a maximum. Table 3 gives the equivalent widths of
the effective (total) absorption line at 9 keV in the
background spectrum in clusters with various gas
temperatures and various iron abundances. Clearly,
the intrinsic gas radiation distortions are very large
and at energies hν � 100 keV exceed noticeably the
background distortions. They are very difficult to take
into account.

Below we will assume that the question about the
subtraction of the thermal gas radiation spectrum,
given its distortions due to the finite optical depth,
from the observed cluster spectrum has somehow
been solved. We will consider only the distortions
arising directly in the cosmic background. The dis-
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Table 3. Parameters of the total (including the thermal ra-
diation distortions) photoabsorption line with the threshold
at ∼9 keV in the X-ray background spectrum toward a
cluster with a uniform gas densitya

kTe, hνb
th, hνc

X, hΔνd
X, W e

X,

keV keV keV keV keV

Z = 0.5Z�

2 8.19 8.93 1.13 0.11

3 8.48 8.93 1.33 0.61

5 8.48 8.93 2.16 2.22

8 8.48 9.57 2.89 3.59

12 8.48 9.57 2.77 3.72

Z = 1.0Z�

2 8.19 8.93 1.04 0.24

3 8.48 8.93 1.36 1.24

5 8.48 8.93 2.13 4.38

8 8.48 9.57 2.93 7.34

12 8.48 9.57 2.63 7.14
a Rc = 350 kpc, τT = 1.2× 10−2.
b The threshold energy.
c The energy of the deepest point of the line.
d FWHM.
e The equivalent width.

tortions of the intrinsic thermal gas radiation will be
considered in detail in a separate paper (Grebenev and
Sunyaev 2019).

ANALYTICAL ESTIMATES

When investigating the Compton scattering of the
cosmic microwave background radiation in the hot
gas of a galaxy cluster, important analytical esti-
mates (Sunyaev and Zel’dovich 1980; Zel’dovich and
Sunyaev 1982) were obtained by solving the Kom-
paneets (1957) equation, which describes the photon
energy redistribution in the diffusion approximation.
The validity of applying this equation to an optically
thin gas typical for clusters was tested and confirmed

by Sunyaev (1980). Similar quite interesting esti-
mates can also be obtained for the problem under
consideration.

The Kompaneets equation with relativistic correc-
tions (Cooper 1971; see also Arons 1971; Illarionov
and Sunyaev 1972; Grebenev and Sunyaev 1987),
but at a moderately high electron temperature (kTe �
mec

2) can be represented as

∂Fν

∂τc
=

h

mec2
∂

∂ν

×
[

ν4ξ(Te)

1 + βν + γν2

(
Fν

ν2
+

kTe

h

∂

∂ν

Fν

ν2

)]

,

where Fν is the intensity of the photon spectrum,
τc is the Thomson radial optical depth of the cloud,
β = 9× 10−3 keV−1, γ = 4.2× 10−6 keV−2, and

ξ(Te) = 1 +
5

2

kTe

mec2
.

We neglected the term responsible for the induced
scattering and retained only the term of the first order
in kTe/mec

2 in ξ(Te) (see Cooper 1971). Substituting
the background intensity Fν(ν) = Sν(ν)/hν in the
form Fν = Aν−α exp (−ν/ν0) (the part of the spec-
trum from Eq. (1) corresponding to low energies hν �
60 keV) into the right-hand side of this equation, for
the relative changes in the background we find

ΔFν

Fν
=

hν

mec2
τc ξ(Te)

1 + βν + γν2

[

1− kTe

hν0
(9)

+

(

1− α− ν

ν0
− ν

ν1

)(

1− kTe

hν0
− kTe

hν
(2 + α)

)]

.

Here, we introduce the notation ν1 for the function

ν1(ν) =
1 + βν + γν2

β + 2γν
.

The distortion spectrum for the harder, hν � 60 keV,
(power-law) part of the spectrum can be found from
Eq. (9) by passing to the limit ν0 → ∞:

ΔFν

Fν
=

hν

mec2
τc ξ(Te)

1 + βν + γν2
(10)

×
[

1 +

(

1− α− ν

ν1

)(

1− kTe

hν
(2 + α)

)]

.

In the limit βν � 1 and ν � ν0 Eq. (10) gives

ΔFν

Fν
= (2 + α)τc

kTeξ(Te)

mec2

[

α− 1 +
2− α

2 + α

hν

kTe

]

.

Accordingly, to a first approximation, for hν � kTe,
the amplitude of the effect is proportional to the
Compton parameter yC = τcξ(Te)kTe/mec

2. In the
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opposite limit hν 	 kTe the formula for the distor-
tions takes the form

ΔFν

Fν
= −τc ξ(Te)

hν

mec2
α− 2 + ν/ν1
1 + βν + γν2

,

i.e., the amplitude of the effect is proportional to τc.

The thick solid (blue) lines in Fig. 7 indicate the
results of applying Eqs. (9) and (10) to a cluster
with a radial optical depth τc = 6× 10−3 (which
corresponds to the optical depth along the line of
sight passing through the center τT = 1.2× 10−2)
and electron temperatures kTe = 2, 5, 8, 12, 20 keV.
At hν > 60 keV we used a superposition of the solu-
tions (10) for the spectra with different photon indices
in accordance with the model of the background
spectrum (1). Since the background spectrum was
fitted by different functions at low and high energies,
its derivative can have a discontinuity at 60 keV. In the
distortion spectra calculated from the approximate
formulas (9) and (10), a jump or break is observed
near this energy for many temperatures. Therefore,
the analytical solution in the narrow region ±10 keV
near 60 keV is not shown in the figure for clarity.
For clarity, we also disregard the photoabsorption of
background photons by strongly ionized iron ions.
This process can be easily included in the analytical
solution (see Grebenev and Sunyaev 1987).

The thin (green) lines in Fig. 7 indicate the results
of our Monte Carlo computations of the distortions
in the background spectrum. The computations were
performed for the same cluster parameters as those
for the analytical solution and allow them to be com-
pared. However, they differ not only by the method
of solution, but also by the boundary conditions: for
the Kompaneets equation the isotropic background
source is located at the gas cloud center, while for
the Monte Carlo method the background radiation
penetrates the cloud from outside. Note that an indis-
tinct feature, which, obviously, is associated with the
piecewise continuous fit of the background spectrum
(Eq. (1)), is also observed near 60 keV in many of the
spectra computed by the Monte Carlo method.

On the whole, it can be said that the calculation
based on Eqs. (9) and (10) correctly reproduces the
spectral shape of the numerically computed distor-
tions, although it smoothes the deepest part of the
absorption feature at energies hν ∼ 500−600 keV
arising due to the recoil effect. It is possible that
a better coincidence could be achieved here by nu-
merically integrating the relativistic kernel of the ki-
netic equation for Compton scattering (Sazonov and
Sunyaev 2000), but in this case an expression for
the spectrum could not be obtained explicitly. The
presented formulas give quite reasonable estimates
of the distortions in the background spectrum. The

analytical solution also allows the nature of the var-
ious components in the distortion spectrum to be
easily clarified. For example, the dashed line in Fig. 7
indicates our calculation of the distortions in the limit
Te → 0, i.e., arising in the background spectrum due
to the recoil effect. Clearly, almost the entire excess
of radiation at hν � 150 keV and the shape of the left
edge of the absorption feature at hν � 150 keV are
associated with the Maxwellian velocities of electrons
and are formed due to the Doppler effect.

DEPENDENCE ON Z

One of the remarkable properties of the effect of
microwave background radiation scattering by the
hot gas of galaxy clusters is its independence of the
redshift z. Indeed, no matter how far the cluster is,
the distortions are observed in its present-day well-
measured spectrum characterized by a temperature
Tr = 2.7 K. Although the temperature Tr was a factor
of (1 + z) higher at the time of its interaction with
the cluster, this does not manifest itself in any way,
because the equation describing the Doppler spectral
distortions depends only on x = hν/kTr (Zel’dovich
and Sunyaev 1982), i.e., it is invariant in z.

The situation with the X-ray background scat-
tering is different. Here all distortions are also ob-
served in the present-day spectrum, although they
are formed in the background spectrum at the cluster
redshift z. However, apart from the Doppler ones,
among them there are the distortions that arise due
to photoabsorption and the recoil effect at quite spe-
cific energies—the absorption thresholds hν ∼ 2 and
9 keV and at hν ∼ 500 keV. In the spectrum ob-
served at z > 0 these features turn out to be shifted
to low energies. Figure 8 presents the spectra of the
background distortions that should be recorded from
clusters with the same parameters (τT = 1.2× 10−2,
Rc = 350 kpc, and kTe = 2 keV in Fig. 8a or 5 keV in
Fig. 8b), but located at different redshifts. The spec-
tra were obtained by recalculating the present-day
background spectrum (Eq. (1)) to the correspond-
ing z using standard formulas (see, e.g., Zel’dovich
and Novikov 1975), computing the distortions there,
and then recalculating the spectrum back to z = 0.3

Both (photoabsorption and recoil effect) lines are seen
to be actually greatly shifted leftward; at z = 2 the
absorption line is at ∼3 keV, while the minimum of
the feature related to the recoil effect is at ∼200 keV.
However, the case of z = 2 is, in a sense, extreme—
the clusters are subject to strong evolution and at
z ∼ 2 they (especially massive clusters) were much

3 In our calculations we adopted the standard ΛCDM cos-
mological model with ΩM = 0.3, ΩΛ = 0.7, and H =

70 km s−1 Mpc−1.
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Fig. 7. Comparison of the relative hard X-ray background distortions due to scattering in the hot cluster gas calculated from the
analytical formulas (9) and (10) (solid thick blue lines) and by the Monte Carlo method (thin green lines). The photoabsorption
by iron ions was disregarded. We considered a cluster with a uniform density distribution, core radius Rc = 350 kpc, optical
depth τT = 1.2 × 10−2, and various electron temperatures kTe = 2, 5, 8, 12, 16, and 20 keV. For kTe = 20 keV the dashed
line indicates the calculation including only the recoil effect after scattering.

fewer than those observed now. Note that the Doppler
spectral distortions (the excess of radiation), which
clearly manifest themselves at low energies in Fig. 8b,
are almost independent of z, like the microwave back-
ground distortions.

As z increases, the spectrum of the thermal
plasma radiation in the cluster is also shifted to low
energies and its intensity decreases. This is indicated
by the thick (blue) lines in Fig. 8. This shift (and
attenuation) allow the effects of Compton scattering
and photoabsorption of the background in distant
clusters to be investigated at lower energies. The fun-
damental difference in the shape of the z dependence
of the amplitude of Compton X-ray background
distortions compared to the flux of bremsstrahlung
and recombination radiation is illustrated by Fig. 9.
The solid (dark green) lines in this figure indicate the
variation in the spectral flux of thermal radiation with
z for a cluster with a uniform density distribution,
τT = 1.2× 10−2, Rc = 350 kpc, and kTe = 2 keV
expected during its observation by a telescope with

an aperture radius of 5′ (FWHM). The curves from
top to bottom correspond to the fluxes at energies
hν = 2, 5, 12, and 20 keV. The dashed line indicates
the z dependence of the integrated flux. The initial
flux rise up to z � 0.06 is related to the increase in the
volume emission measure of the cluster gas visible
within the aperture:

EM =
4π

3
R3

c

[

1−
(

1− ρ2z
R2

c

)3/2
]

,

where ρz is the impact parameter in the cluster frame
corresponding to the specified aperture width. At high
z, when the cluster is already completely within the
field of view, the integrated flux of its thermal radiation
drops with z as a power law; the spectral fluxes at
high energies drop more rapidly due to the cutoff
of the bremsstrahlung and recombination radiation
spectrum at the corresponding energies. The dotted
line indicates the X-ray background flux at 5 keV
falling into this aperture.

Because of the shift of the photoabsorption lines
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Fig. 8. Expected cosmic background (its intensity) distortions after scattering and absorption in the hot cluster gas versus its
redshift z (thin green lines). Clusters with a uniform density, optical depth τT = 1.2× 10−2, and core radius Rc = 350 kpc.
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and the absorption feature related to the recoil effect
toward low energies, the z dependence of the ampli-
tude of the Compton distortions and photoabsorption
takes a fairly complex shape (Fig. 9, especially 6
and 8 keV). The abrupt jumps on these curves are
associated with the passage of the threshold of the
absorption line at ∼9 keV as z changes, given its fine
structure. Such jumps should also be observed at
low energies—leftward of the absorption threshold at
∼2 keV. We emphasize that this figure shows the am-
plitude of the absolute background distortions (i.e.,
the difference in the spectral flux of radiation within
the aperture compared to the initial spectrum) taken
in absolute value. The previous figures presented the
relative distortion amplitude (in %). Here (just as
above when considering the thermal cluster radiation)
we took into account the effect of observation of only
the part of the cluster at low z (due to the excess
of its size above the aperture size) and the effect of
observation of a noticeable fraction of the undistorted
background at high z (because the cluster begins to
occupy only part of the aperture). In clusters with

a smooth density distribution (described by the β or
NFW models—see the Appendix) the curves in Fig. 9
modified by these effects will be smoother.

As follows from the figure, the amplitude of the
background distortions due to scattering and absorp-
tion changes with z much more weakly than the flux
of thermal radiation. In this case, the probability of
detecting the distortions in the background spectrum
from the interaction with the gas of distant clusters
may turn out to be even higher than that from the
interaction with the gas of nearby clusters. In any
case, the detection of such distortions remains a very
challenging problem.

INDIVIDUAL CLUSTERS

Table 4 gives basic characteristics (the temper-
ature and central density of the intergalactic gas,
other parameters of the β model density distribution)
for several known rich clusters that exhibit strong
microwave background radiation distortions. In par-
ticular, this can be seen from the high values of the
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parameter YSZ characterizing the amplitude of the
background distortions (Kravtsov et al. 2006) given
in column 11 of Table 4. Such clusters as Phoenex,
SPT-CL J0615-5746, SPT-CL J2106-5844, and
El Cordo were even discovered owing to this effect—
by SPT (Williamson et al. 2011), ACT (Menanteau
et al. 2012), or the Planck satellite (Aghanim et al.
(Planck Collaboration) 2011). These are mostly very
massive hot clusters with kTe � 10 keV, but the cold
nearby Virgo, A1367, and A1991 clusters were also
included in the list. The detectability of distortions in
the X-ray background from a cluster, and this list was
compiled precisely for its estimation, is determined by
many factors, and a reliable detection of the effect in
the microwave background by no means implies that
it can be detected in X-rays.

For a number of clusters we failed to find the mea-
sured values of some density distribution parameters.
These parameters were then estimated from their
dependence on M500 (YSZ) determined by Vikhlinin
et al. (2006) and Kravtsov et al. (2006). In Table 4
their values are underlined for clarity. For all clusters

we calculated the optical depth for Thomson scatter-
ing along the line of sight passing through their center
(column 13 in the table). Note that for such nearby
and extended clusters as Virgo, Coma, and Perseus
it turns out to be only a factor of 2–3 smaller than
the optical depth of distant supermassive clusters like
El Cordo, Bullet, SPT-CL J2106-5844, and SPT-
CL J0615-574. For convenience, column 6 gives
the angular sizes of the clusters corresponding to the
values of Rc specified in Table 4. For all clusters in the
table we computed the relative distortions produced
by them (the gas kept by their gravity) in the X-ray
background radiation spectrum by the Monte Carlo
method under the assumption of a β density distribu-
tion of the intergalactic gas. The calculations were
carried out for the same exponent of the distribution
β = 2/3, because the scatter of β values for separate
clusters did not exceed the errors of their determina-
tion. The abundance of the iron-group elements Z in
the gas relative to the cosmic abundance (column 12
in the table) was taken from the literature. The cluster
redshifts were taken into account.
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Table 4. Parameters of the individual clusters selected to estimate the scattering and absorption of the X-ray background
in their hot intergalactic gas∗

Cluster namea z Rb
500, Rc, θc, kTe, N c

c Mg M b
500 Y d

SZ Ze, τ f
T, Referenceg

main alternative kpc kpc arcmin keV 1014 M� Z� 10−3

1 2 3 4 5 6 7 8 9 10 11 12 13 14

AT J0102-4915 El Cordo 0.870 950 270 0.75 14.5 8.9 2.2 11.9 32.0 0.2 15.2 1, 2, 3

A 426 Perseus 0.018 1400 280 12.8 6.0 4.6 2.0 8.0 11.9 0.5 8.3 4, 5, 6

ST J0615-5746 P G266.6-27.3 0.972 1100 230 0.63 14.2 7.2 1.12 8.7 15.9 0.7 10.5 2, 3, 7, 8

1E 0657-558 Bullet 0.296 1660 170 0.73 12.4 12.3 2.01 12.7 24.9 0.3 13.3 2, 3, 7, 9

A 1367 Leo 0.022 760 210 8.1 3.7 1.1 0.11 1.3 0.4 0.5 1.2 5, 6

A 1656 Coma 0.023 1310 290 10.5 6.9 2.9 1.0 3.5 6.7 0.5 5.6 6, 10, 11

Virgo 0.004 770 310 62.5 2.4 2.7 1.5 8.0 3.6 0.3 5.3 12, 13, 14

A 1991 0.059 730 60 0.90 2.3 6.4 0.1 1.23 0.2 0.5 3.5 5, 6, 15

ST J2106-5844 1.132 960 200 0.54 9.4 11.5 1.17 7.1 11.1 0.3 14.6 2, 3, 7

ST J2248-4431 AS 1063 0.348 1630 370 1.4 1.5 2.9 1.95 13.1 22.3 0.3 7.0 2, 3, 7

ST J2344-4243 Phoenix 0.596 1330 290 0.88 14.9 4.8 1.48 9.6 22.1 0.5 8.8 2, 3, 7, 16
a A—Abell, ST—SPT-CL, AT—ACT-CL, P—PLCK.
b The radius bounding the mass M500 of a cluster with a mean density equal to 500ρcr(z) of the Universe.
c The gas density at the cluster center, 10−3 cm−3.
d The microwave background scattering “efficiency” (Kravtsov et al. 2006), 1014 M� keV.
e The abundance of the iron-group elements compared to the normal cosmic abundance.
f The Thomson optical depth along the line of sight passing through the cluster center.
g 1—Menanteau et al. (2012); 2—Bulbul et al. (2019); 3—Bleem et al. (2015); 4—White et al. (1997); 5— Jones and Forman (1984);
6—David et al. (1993); 7—Williamson et al. (2011); 8—Aghanim et al. (Planck Collaboration) (2011); 9—Markevitch et al. (2002);
10—Ade et al. (Planck Collaboration) (2013); 11—Herbig et al. (1995); 12—Forman and Jones (1982); 13—Ade et al. (Planck
Collaboration) (2016b); 14—Gavazzi et al. (2009); 15—Vikhlinin et al. (2006); 16—McDonald et al. (2015).
∗ The underlined estimates were obtained using the formulas and dependences from Navarro et al. (1997) and Kravtsov et al. (2006).

The results of our computations of the relative
background radiation distortions (in percent to the
initial spectrum) are presented in Fig. 10. They cor-
respond to the observations toward the cluster center
by a telescope with a narrow aperture corresponding
to the cluster core radius (∼1′ for most clusters, see
Table 4). As one recedes from the cluster center
or when observing by a telescope with a wide aper-
ture, the distortion amplitude should drop. The thin
(green) and thick (blue) lines indicate the background
distortions proper and the distortions including the
thermal gas radiation, respectively. We see that the
rich hot clusters in the lower part of the figure lead
to large deviations of the background over the en-

tire spectrum—positive at hν � 100 keV (the excess
radiation due to the Doppler effect) and negative at
energies above hν � 100 keV (the dip in the spectrum
due to the recoil effect). The feature at ∼9 keV
associated with photoabsorption by iron is noticeably
weaker in amplitude than the MeV dip—the iron at
temperatures typical for such clusters is almost fully
ionized. We also see that the intrinsic thermal gas
radiation presents a huge problem for the detection of
the effect being discussed at energies �200 keV.

For the cold clusters in the upper part of the fig-
ure, such as Virgo, A 1991, Coma, and Perseus,
the amplitude of the positive background distortions
at low energies is negligible, while the amplitude of
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Fig. 10. Expected distortions in the X-ray background spectrum due to Compton scattering and photoabsorption in the hot
gas of several known galaxy clusters (thin green lines). The thick (blue) lines also take into account the thermal gas radiation.

the MeV dip remains fairly large; it differs from the
amplitude of the dip for the SPT-CL J2106-5844,
SPT-CL J0615-5746, and El Cordo clusters, which
were believed to be most massive in the Universe, only
by a factor of 2 or 3. The features due to photoabsorp-
tion in the spectrum of the background distortions
by these clusters are expectedly larger than those for
the hot clusters due to the low gas temperature—
the feature at 9 keV is even comparable in amplitude
to the dip at high energies. The thermal radiation
from the clusters, also expectedly, begins to hinder
the detection of the effect at appreciably lower (hν �
50 keV) energies than that for the rich clusters. The
figure suggests that for the Virgo and A 1991 clusters
the drop in the background due to recoil effect can be
searched for already at energies 60–100 keV without
any noise related to the thermal gas radiation. It is
important that the Virgo cluster, along with Perseus,

Coma, and A 1367, have noticeable angular sizes
(see the left part of Fig. 10, where the angular core
radius of these clusters is presented in arcmin/deg).
The observations of such extended clusters even
at a slightly smaller amplitude of the background
distortions than that for rich, but distant clusters
may turn out to be much more significant and
fruitful.

X-RAY BACKGROUND FLUCTUATIONS

The detection of hard X-ray background devia-
tions at a level of fractions of percent is not some-
thing absolutely unattainable per se. Such measure-
ments aimed at searching for background fluctua-
tions have already been carried out by both HEAO-1
(Boldt 1987; Treyer et al. 1998) and RXTE (Gruber
et al. 1999b; MacDonald et al. 2001) observatories. In
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particular, the HEXTE/RXTE instrument performed
almost simultaneous observations of two sky regions
spaced 3◦ apart. The differences in the fluxes mea-
sured in these regions within the field of view of the
instrument with an area of 1.1 sq. deg allowed back-
ground fluctuations much weaker than was possible
in individual observations to be searched for. Such
fluctuations were actually detected at a flux level of
(0.092± 0.014), (0.11± 0.02), and (0.23± 0.08)% of
the background spectrum in the energy ranges 15–
20, 20–25, and 34–41 keV, respectively. The relative
amplitude of the fluctuations is seen to have increased
with energy. Similar results, in both background
fluctuation level and their energy dependence, were
previously obtained by the A-2 instrument of the
HEAO-1 observatory.

The authors explained their results by a nonuni-
form distribution of matter in the Universe and, ac-
cordingly, by a nonuniform distribution of AGNs,
which are to a large extent responsible for the hard
X-ray background. The energy dependence of the
fluctuation level can then be explained by the drop
in the effective number of sources responsible for the
background and fluctuations when passing to higher
energies. However, it may well be that not AGNs,
but the distortions forming in the spectrum of the
background radiation as it passes through the hot
intergalactic gas in unresolved distant galaxy clusters
were one of the causes of the detected background
fluctuations. At least the relative amplitudes of the
detected fluctuations agree well with the results of our
computations presented in this paper.

Therefore, the conclusion reached by Boughn and
Crittenden (2004, 2005) about a significant correla-
tion of the fluctuations in the distribution of the X-
ray background measured by the HEAO-1 observa-
tory and the microwave background measured by the
WMAP satellite is also of interest. It seem quite
probable that in both ranges we are dealing with the
fluctuations associated with the same phenomenon—
the cosmic background scattering in the hot gas of
galaxy clusters. Estimates and detailed computations
of the role of distant clusters in the formation of the
microwave background fluctuations have been per-
formed at some time by Longair and Sunyaev (1969)
and Markevich et al. (1992).

The fact of achieving such a high sensitivity when
observing the X-ray background fluctuations in wide
sky fields confirms that the study is important and
promising for detecting the effect being discussed
in nearby extended galaxy clusters, such as Virgo,
Coma, A 426, and A 1367.

SCATTERING OF RADIATION FROM
ACTIVE GALAXIES OF A CLUSTER

Some of the galaxy clusters may have active nu-
clei (AGNs), whose hard radiation should be subject
to scattering and absorption in its hot gas, like the
background radiation. The scattered diffuse X-ray
radiation from such an AGN can be perceived as an
additional background distortion.

Can this radiation hinder the detection of the effect
being discussed in the paper? Let us place an AGN
with an X-ray luminosity LX = 1× 1043 erg s−1 and
a power-law spectrum with an exponential cutoff at
high energies typical for AGNs at the center of our
standard model cluster with a uniform density, optical
depth τT = 1.2× 10−2, core radius Rc = 350 kpc,
electron temperature kTe = 5 keV, and metallicity
Z = 0.5 Z�. We will take the photon index of
the spectrum to be α = 1.9 and the cutoff energy
to be Ec = 300 keV (Sazonov et al. 2008; Ueda
et al. 2014). The radiation spectrum of such an
AGN is indicated in Fig. 11a by the dotted red line
for comparison with the spectra of the hot gas in the
galaxy cluster and the cosmic background radiation.
Note that the X-ray luminosity of the thermal radia-
tion from the cluster gas is Lc = 6.9 × 1044 erg s−1.
The green line at the bottom in Fig. 11b indicates
the spectrum of the relative distortions arising in
the AGN radiation when it passes through the hot
cluster gas. It is very similar to the spectrum of
the relative distortions arising in the background
radiation (indicated in the same figure by the black
line). Note only the shape of the MeV dip slightly
skewed to low energies, which, obviously, reflects the
difference in shape between the initial AGN radiation
spectrum and the background spectrum (primarily
the exponential cutoff at high energies in the AGN
spectrum).

In reality, however, we are interested not in the
distortions in the AGN radiation spectrum, but in its
radiation that was scattered in the cluster and became
diffuse, because the direct escape radiation will be
perceived as the radiation of a compact source (AGN)
when analyzing the data and, naturally, should be
subtracted.

The blue line in Fig. 11b indicates the spectrum
of scattered AGN photons (relative to its initial spec-
trum), while the red dotted line indicates the same
spectrum, but relative to the initial background ra-
diation spectrum. Remarkably, the scattered photon
spectrum is smooth and does not contain any neg-
ative features related to photoabsorption or the recoil
effect after scattering. Its amplitude relative to the ini-
tial AGN radiation spectrum is more than 0.6%, i.e.,
it is much greater than the amplitude of the final AGN
radiation distortions. We noted these properties of the
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Fig. 11. Influence of the AGN radiation on the observations of background distortions in the hot cluster gas: (a) the AGN
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on the lower panel indicates the case of LX = 1× 1042 erg s−1.

scattered radiation (only that of the background) pre-
viously when discussing Fig. 2. The amplitude of the
scattered AGN radiation relative to the background
spectrum turns out to be small everywhere, except the
standard X-ray band hν � 10 keV. The enhancement
of the distortions in the soft X-ray band is related to
the differences in the AGN and background spectra:
the AGN intensity here begins to approach and even
exceed the background intensity. However, many
AGNs exhibit a low-energy cutoff in the radiation
spectrum related to the absorption of their radiation
in the gas–dust torus surrounding the supermassive
black hole in the galactic nucleus. Clearly, when
the absorption is taken into account, the rise of the
relative background distortions due to the soft X-ray
AGN radiation should be less distinct or even disap-
pear altogether. The main thing is that the spectrum
of the scattered AGN radiation contains no absorp-
tion features and, therefore, it cannot reduce or smear
such features in the spectrum of the background dis-

tortions arising when it passes through the hot cluster
gas. In the case of very bright AGN flares occurring
on a time scale of hundreds of thousands of years,
narrow lines associated with resonance scattering of
the AGN X-ray emission by Fe, S, and Si ions can
appear in the background spectrum at these energies
(Sazonov et al. 2002).

Indeed, as Fig. 11c shows, adding the AGN radia-
tion scattered in the cluster gas to the spectrum of the
emerged background distortions does not smear the
features related to background photoabsorption on
the K and L shells of strongly ionized iron and nickel
ions in the cluster gas. What is especially remarkable,
the scattered AGN radiation does not reduce and does
not smear the MeV dip in the background spectrum
related to the recoil effect when its photons are scat-
tered by electrons in the cluster gas.

At the same time, the AGN radiation can lead to
a rise in background intensity at low energies hν �
9 keV and in the hard X-ray range 20–150 keV,
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making it difficult to correctly interpret the back-
ground distortions at these energies. What is espe-
cially bad, the scattered AGN radiation is subject to
the X-ray echo effect (Fabian 1977; Vainshtein and
Sunyaev 1980), which leads to the conservation of
the scattered X-ray radiation from the AGN for many
(Δt ∼ Rc/c � 1.1 Myr, where c is the speed of light)
years after the decay of the X-ray activity of the AGN
itself. Similar radiation of the former activity of the
black hole at the center of our Galaxy was observed
from molecular clouds (Markevitch et al. 1993; Sun-
yaev et al. 1993). On the other hand, at such a long
time of the reaction to AGN activity (�1 Myr), it will
also take a long time for the scattered radiation to
be completely formed and to reach a stable intensity
level. Thus, the influence of the AGN radiation can be
effectively below our estimates.

Obviously, our analysis is completely extended to
the case where the AGN is located not inside the
cluster, but at some distance behind it or even near
it; it is only necessary to take into account the area of
the solid angle at which the cluster is seen from the
AGN location.

BACKGROUND DISTORTIONS IN A WARM
INTERGALACTIC MEDIUM

At z � 1 the total mass of the visible matter con-
tained in the stars, dust, and hot gas of galaxy clusters
and the clouds of atomic and molecular hydrogen ac-
counts for only∼1/3 of the entire baryonic mass of the
Universe (Fukugita et al. 1998). At the same time,
observations of the “forest” of Lyα hydrogen lines at
z ∼ 3 give a factor of ∼3 greater value consistent with
the mean baryon density in the Universe ΩB = 0.044
(Rauch 1998). It is believed that ∼2/3 of the baryons
that have eluded observation are contained in the
moderately hot plasma with a temperature ∼106 K
located in filaments and other similar structures on
the far periphery of galaxy clusters (Cen and Os-
triker 1999). This gas phase is called the warm-
hot intergalactic medium (WHIM). The existence
of WHIM was confirmed by the detection of a soft
X-ray excess from a plasma with kT ∼ 0.2 keV with
a prominent blend of the O VII triplet at 0.57 keV and
the O VIII Lyα line at 0.65 keV in the spectra of sev-
eral galaxy clusters (see, e.g., Finoguenov et al. 2003;
Kaastra 2004a, 2004b).

Can the interaction of the X-ray background
with WHIM give rise to additional distortions in
its spectrum? Suppose, for simplicity, that each
galaxy cluster is surrounded by a thick spherical
WHIM layer (shell) with a quasi-uniform density
distribution ρw = Nwmp. The outer radius of the
layer is Rw � 2−3 Mpc (Kaastra 2004a). Assuming
that the hot gas in the cluster (with a mass Mg

within the radius Rc) contains ∼50% of the visible
matter, we find that the WHIM mass in the outer
layer is Mw � (2/3ΩB)/(0.5 × 1/3ΩB)Mg � 4Mg.
The mean electron density in this layer is then

Nw = 4Ne(Rc/Rw)
3 � 5.3× 10−5

×
(

τT

1.2× 10−2

)(
Rc

350 kpc

)2( Rw

3 Mpc

)−3

cm−3.

This estimate agrees well with the WHIM density
measurements from the O VII and O VIII lines in
the X-ray spectra of galaxy clusters (Kaastra 2004a).
The electron density in the hot cluster gas Ne is
expressed here via its Thomson optical depth along
the line of sight passing through the cluster center
τT = 2σTNeRc = 1.2× 10−2. The Thomson optical
depth of the WHIM envelope along the same line of
sight is

τw � 2σTNw(Rw −Rc) � 4τT(Rc/Rw)
2 � 6.5 × 10−4

×
(

τT

1.2× 10−2

)(
Rc

350 kpc

)2( Rw

3 Mpc

)−2

.

Obviously, the distortions related to purely Compton
scattering in WHIM will be the same as those after
scattering in the hot cluster gas (hot intergalactic
medium, HIM), but smaller in absolute value, be-
cause the optical depth of the envelope is small. In
this case, the iron and nickel atoms in WHIM will
be ionized much more weakly than those in the hot
cluster gas (at kTw � 0.2 keV—to Fe XIV–Fe XVII
and Ni XIII–Ni XVII, respectively). Therefore, the
photoabsorption of the background radiation in the
envelope should be more efficient. Unfortunately,
WHIM is most likely much poorer in metals than
even HIM (see, e.g., Finoguenov et al. 2003); there-
fore, it is difficult to estimate this efficiency without
numerical computations.

Figure 12 presents the results of such compu-
tations of the distortions in the X-ray background
spectrum toward the cluster center arising when it
passes through the WHIM envelope surrounding the
cluster. The distortions only in WHIM are shown at
the top (in Fig. 12a); the changes in the spectrum
that occurred in the hot cluster gas were disregarded
here. It will be possible to see the shown distortions in
cluster observations at large impact parameters ρ 	
Rc. We considered the envelopes with various outer
radii Rc (and, accordingly, various densities Nw and
optical depths τw) and metallicities Zw. The WHIM
temperature was taken to be kTe = 0.2 keV. The ab-
sorption threshold on the K shell of iron and nickel
is seen to be shifted leftward along the energy axis
compared to the spectrum of the distortions in HIM
(from �8.8 to �7.6 keV); the absorption threshold on
the L shell is shifted even more strongly—from �2.03
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kTe = 2, 3, 5 keV, and metallicity Z = 0.5 Z�; the WHIM envelope has a factor of 4 larger mass, radius Rw = 3 Mpc, optical
depth τw � 6.5× 10−4, electron temperature kTw = 0.2 keV, and metallicityZw = 0.3Z�. The green lines indicate the cluster
HIM spectra before the interaction with WHIM.
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to �1.27 keV. Whereas the hard line has a negligible
depth, the depth of the absorption line at 1.27 keV
is unexpectedly large even for the lowest metallicity
considered Zw = 0.2 Z�.

Absorption lines are also formed at energies below
∼1 keV, but they are impossible to observe due to
the intrinsic thermal radiation from WHIM. Most of
the lines of resonant scattering of the X-ray back-
ground in WHIM predicted by Churazov et al. (2001)
also fall into this region. Above ∼1 keV there are
only narrow recombination emission lines at ener-
gies 1.07, 1.13, 1.33−1.35, and 1.87 keV in the
WHIM radiation spectrum. Note that iron and nickel
ions with vacancies on the lower electronic shells are
formed as a result of background photoabsorption
in the WHIM plasma, which could not be formed
in it due to collisional processes. Although these
ions recombine mainly through the Auger effect, the
formation of photons of fluorescent lines (similar to
the Kα line with energy 6.4 keV emitted with a 34%
probability when neutral iron atoms are ionized) is
also possible. There are no such emission lines in the
intrinsic thermal recombination spectrum of WHIM.
These lines are narrow and much harder to detect
than the photoabsorption lines; therefore, they are
disregarded in this paper.

The total spectra including the distortions in both
WHIM and HIM are presented at the bottom (in
Fig. 12b). The radius of the WHIM envelope was
taken to be Rc = 3 Mpc, the temperature is again
kTw = 0.2 keV, and the metallicity is Zw = 0.3 Z�.
The optical depth of the hot cluster gas is τT = 1.2 ×
10−2, the temperature is kTe = 2, 3, or 5 keV, and its
metallicity is Z = 0.5 Z�. The spectra of the back-
ground distortions formed in HIM were previously
presented in Fig. 4. Substantial changes are seen
to occur in the background spectrum when passing
through the WHIM envelope: (1) a new intense broad
absorption line appears at ∼1.3 keV, which does not
depend on the cluster gas temperature; (2) the depth
(equivalent width) of the absorption line at ∼2 keV
increases noticeably; and (3) the absorption threshold
at ∼8.8 keV is smeared.

Figure 13 shows how the effect being discussed
affects the spectrum of the intrinsic thermal (to be
more precise, bremsstrahlung) plasma radiation. Our
calculations were done for the WHIM envelope and
the hot cluster gas with the same parameters as those
in Fig. 12. The changes in the thermal spectra re-
lated to the interaction directly with the cluster gas
(HIM) have already been shown in Fig. 6. Here
they are represented by the thin green lines. A broad
absorption line with the threshold at ∼1.3 keV and
an amplitude of ∼0.16−0.22% (relative to the initial
undistorted thermal spectrum) additionally appears
in these spectra after the interaction with WHIM.

Furthermore, the line at ∼2 keV already present in
the spectra of cold clusters is enhanced. The profile
and amplitude of the absorption line at ∼9 keV barely
change. Thus, for favorable WHIM parameters two
absorption lines at once, at ∼1.3 and 9 keV, should be
present in the thermal radiation of the hot cluster gas.

The model used may be oversimplified and con-
tains a number of poorly known parameters (primar-
ily those related to the nonuniformity of the WHIM
distribution). At the same time, it clearly shows that
the interaction with WHIM can introduce noticeable
distortions both into the cosmic X-ray background
spectrum and the thermal radiation spectrum of the
cluster, distortions comparable to those from their
scattering and absorption in the hot cluster gas. This
effect cannot not be neglected for nearby (z � 1) clus-
ters. The formation of the absorption line at ∼1.3 keV,
whose amplitude does not depend on the hot gas
parameters, but only on the WHIM parameters, may
turn out to be very important in light of studying
the properties of this mysterious matter itself in the
distant environment of galaxy clusters.

MAIN RESULTS

We presented the results of our numerical (Monte
Carlo) and analytical (solving the Kompaneets equa-
tion) computations of the distortions arising in the
spectrum of the X-ray and soft gamma-ray back-
ground radiation as it passes through the hot inter-
galactic gas in galaxy clusters. We investigated the
dependence of the distortion amplitude and shape on
the parameters of the cluster gas—its temperature,
optical depth, and density distribution. The analo-
gous distortions arising in the microwave background
radiation are well known, are actively studied, and are
widely used in observational cosmology. We showed
the following:

1. Compton scattering by electrons of the inter-
galactic gas in clusters leads to peculiar dis-
tortions of the background radiation—a rise in
its brightness at hν � 60−100 keV due to the
Doppler effect and its drop at higher energies
due to the recoil effect; the detection of back-
ground distortions allows the most important
parameters of clusters and cosmological pa-
rameters to be measured;

2. the rise in background brightness in the hard
X-ray range is proportional to the Compton
parameter yC = τTkTe/mec

2 averaged over the
visible (within the telescope aperture) part of
the cluster (or the parameter YSZ in the case of
a distant cluster), for the hottest clusters with
kTe ∼ 15 keV it reaches ∼0.1% at energies
∼100 keV;
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3. the decrease in background brightness due to
the recoil effect has a maximum at energies
∼500−600 keV (in the cluster rest frame) and
is proportional to the gas surface density or
Thomson optical depth τT averaged over the
visible (in the aperture) part of the cluster, it
has an amplitude of ∼0.2−0.3% for the opti-
cally thickest clusters and does not depend on
the temperature;

4. photoabsorption by strongly ionized ions of the
iron-group elements also leads to a decrease
in the background with the formation of two
absorption lines of characteristic shape with
threshold energies hν ∼ 2 and 9 keV (in the
cluster rest frame) in its spectrum, the ampli-
tude of the features drops with rising tempera-
ture;

5. the interaction of the background with the
colder (kT ∼ 106 K) plasma located on the
distant (�3 Mpc) periphery of nearby (z �
1) galaxy clusters noticeably enhances the
absorption line at hν ∼ 2 keV in its spectrum
and, moreover, leads to its splitting (the ap-
pearance of a broad intense satellite line at
hν ∼ 1.3 keV whose amplitude does not de-
pend on the properties of the high-temperature
cluster gas); the line detection will allow the
parameters and distribution of this mysterious
matter containing 2/3 of the baryonic matter
in the Universe to be investigated;

6. features due to absorption and scattering are
also formed in the intrinsic thermal and recom-
bination radiation spectrum of the hot cluster
gas; when the thermal spectrum of an optically
thin plasma is subtracted from the observed
total spectrum, they are perceived as addi-
tional background distortions with an ampli-
tude ∼100% or more;

7. the spectral shape of the background distor-
tions depends on the cluster redshift z (in con-
trast to the spectral shape of the microwave
background distortions), although the distor-
tion amplitude does not depend on z;

8. the detection of background distortions at en-
ergies hν � 20kTe is complicated by the pres-
ence of intrinsic thermal radiation from the in-
tergalactic gas, which makes it very difficult to
measure the effect of a rise in the background
in the X-ray range; the observations of the
MeV dip in the background spectrum are free
from this noise for most clusters;

9. the detection of X-ray background distortions
is also complicated by the presence of AGNs
in (or near) the cluster with luminosities LX ∼
1041−1043 erg s−1 at present or even in the
distant (up to ∼1 Myr due to the X-ray echo)
past, because the X-ray radiation from such
galaxies scattered in the cluster becomes dif-
fuse radiation that enhances the background at
hν � 150 keV; the scattered radiation does not
contain any photoabsorption lines and even the
MeV dip in its spectrum and, therefore, does
not change their amplitude in the spectrum of
the background distortions.

We considered a number of real galaxy clusters
and predicted the shape and amplitude of the spec-
tra of the background deviations expected for them
based on the available parameters. Although the
background intensity distortions toward the cluster
center are maximal for the most massive hot clusters,
cold nearby clusters like Virgo and Coma have real
chances for detecting the effect in the hard X-ray and
gamma-ray range already now. It seems possible that
the hard X-ray background fluctuations detected by
the HEAO-1 and RXTE observatories are associated
in part with the effect being discussed in the paper—
with the background distortions in distant galaxy
clusters.

CONCLUSIONS

It is clear from the foregoing that the main obstacle
to observing the distortions in the cosmic background
spectrum due to scattering by electrons in the X-ray
range hν � 60−100 keV (in the cluster rest frame)
is the intrinsic plasma thermal radiation.4 If it were
not for the illumination by this radiation, modern
X-ray telescopes with grazing-incidence optics like
NuSTAR (Harrison et al. 2013) might well observe
these distortions (or at least they have fallen just short
of this). The X-ray calorimeters with the resolution
and sensitivity required to measure the absorption line
profile in the background being designed at present
would be able to determine the gas temperature in a
cluster and its composition only from the absorption
line profile in the background.

In December 2019 the SRG orbital astrophysical
observatory with the highly sensitive ART-XC and
еROSITA telescopes onboard is going to begin to
scan the sky in X-rays for four years. The ART-XC

4 Besides, although the background distortions due to scat-
tering and photoabsorption grow with increasing τT of the
cluster gas, the thermal radiation intensity, proportional to
N2

e , grows much faster.
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telescope, operating in the range 5–30 keV (Pavlin-
sky et al. 2018), will be able to observe the distor-
tions in the background spectrum due to scattering
by electrons in the hot gas of clusters and photoab-
sorption by iron and nickel ions; the eROSITA tele-
scope, operating in the range 0.3–8 keV (Predehl
et al. 2018), will be able to investigate the absorption
lines in the background spectrum at lower energies.
Even before the survey, within the Russian part of
the Performance Verification Program, the SRG ob-
servatory is going to scan the nearby bright Coma
cluster.

We could attempt to subtract the thermal radiation
spectrum of the cluster gas itself from the measure-
ments using theoretical models and knowing the gas
temperature, density, and metallicity. However, (1) in
real clusters the gas temperature usually changes
with radius and in a rather complicated way, which
greatly complicates highly accurate simulations; (2)
because of the finite optical depth of the cluster
gas, the distortions due to scattering and absorption
should appear in the spectrum of its thermal radiation,
which are much greater in absolute value than the
background distortions that are added to them when
subtracting the ideal spectrum of an optically thin
plasma; (3) the intense thermal radiation of the gas
should introduce a noticeable statistical error into the
background measurements, reducing the signal-to-
noise ratio S/N . Therefore, to detect the effect, it is
more preferable to investigate cold, massive, nearby
(extended) clusters using the peripheral cluster re-
gions, along with the central ones, for observations.

The presence of AGNs in a galaxy cluster can
additionally complicate the X-ray observations of the
effect, because their radiation scattered in the clus-
ter gas will be perceived as a “positive” background
distortion. Scattered radiation can exist in a cluster
even hundreds of thousands of years after the decay of
the galactic nucleus—due to the “X-ray echo” effect.
At the same time, it contains no absorption lines and
MeV dip in the spectrum and does not distort these
features appearing in the X-ray background spectrum
when interacting with the hot cluster gas.

It may well be that it would be more preferable
to search for the Compton cosmic background dis-
tortions in the hard X-ray and gamma-ray spectral
ranges, where their relative amplitude is maximal and
the contribution of the thermal radiation from the hot
cluster gas falls exponentially. However, it should
be borne in mind that the absolute amplitude of the
distortions in these ranges decreases due to the pe-
culiar shape of the X-ray background spectrum (see
Fig. 9 above). Besides, the instruments operating
in these ranges are still noticeably inferior in their
capabilities to modern X-ray telescopes, despite the

abundance of problems and the general understand-
ing of the importance of studies in this field. The
incessant efforts (see, e.g., Fryer et al. 2019) to de-
sign more sensitive MeV gamma-ray telescopes like
e-ASTROGAM (Tatischeff et al. 2016; De Angelis
et al. 2017) or ASTENA/LAUE (Virgilli et al. 2017)
allow one to look with optimism at the prospects for
detecting the effect in this range in the immediate
future.

Concluding this paper, we emphasize once again
that all of the expected background distortions in
the hot cluster gas have a very small (�1%, and
as a rule, ∼0.1%) absolute value. They cannot be
seen visually just by examining the measured cluster
spectrum. They will manifest themselves only in the
relative distortion spectrum, at a very high accuracy
of measurements and in proper simulations of the
background spectra and the thermal spectrum of the
cluster gas, when all of the effects discussed in the
paper are taken into account.

APPENDIX

THE NAVARRO–FRENK–WHITE MODEL

The dark matter density distribution in galaxy
clusters is successfully described by the Navarro–
Frenk–White (hereafter NFW) profile (Navarro et al.
1997) found by N-body simulations of equilibrium
configurations in the theory of hierarchical clustering
of cold dark matter:

ρD(R) = ρs
Rs

R

(

1 +
R

Rs

)−2

.

Here, ρs is the dark matter density parameter and Rs
is the scale parameter (cluster core radius). For such
a density profile the cluster dark matter mass within
radius R is

MD(< R) = 4πρsR
3
s

[

ln

(
R

Rs
+ 1

)

− R

R+Rs

]

.

(A1)

Given the dark matter distribution, the cluster gas
distribution law can be found (refined). In particular,
in several papers it was proposed to modify the β
density distribution by including a central cusp and
an additional wider component (see, e.g., Vikhlinin
et al. 2006; Arnaud et al. 2010). Because of the larger
number of parameters, the modified distribution ac-
quired greater freedom in changing the shape and
successfully fitted the observed brightness profiles of
clusters. A different approach was realized by Shi
and Komatsu (2014) and Shi et al. (2016), who used
the hydrostatic equilibrium equation for the gas in the
gravitational field of dark matter to find the cluster gas
distribution. However, they obtained the gas density
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Fig. 14. Equilibrium density distributions of an isothermal gas in the gravitational field of a cluster with dark matter having
the NFW profile (Navarro et al. 1997) and their dependence on cluster mass M500. The thin solid (blue) lines indicate the
distributions with kTe = 5 keV. The central gas density is everywhere assumed to be the same (see the text). The dashed
(black) line for M500 = 5× 1014 M� indicates the distribution with kTe = 6 keV. The concentration parameter is c = 2.5.
The thick (green) line indicates the β gas distribution with β = 2/3 and Rc = 0.5Rs (the normalization ensures that the
β distribution near R ∼ Rs coincides with the gas distribution in the NFW model for M500 = 5× 1014 M�. The dotted line
indicates the 10% level of the dark matter density distribution ρD/mp for this case).

(pressure) profiles in an explicit form only for specific
temperature distributions. As will be shown below,
this approach itself can also be extended to the clus-
ters with a constant temperatures being investigated
here.

Neglecting the gas self-gravity, the hydrostatic
equilibrium equation has a simple form:

MD(<R) = −2kTe

Gmp

d ln(Ne)

d ln(R)
R, (A2)

where G is the gravitational constant and mp is the
proton mass. Substituting (A1) into this equation
and integrating the resulting equation, we find the
cluster gas density distribution

Ne(R) = Nse
−ε

(

1 +
R

Rs

)εRs/R

. (A3)

Here, Ns is the central gas electron density; generally
speaking, it is not directly related to the central dark
matter density ρs. The shape of the distribution is
defined by only one dimensionless parameter

ε = 2πρsR
2
s (Gmp/kTe). (A4)

Using the characteristic values of the cluster radius
R500, mass M500 = 500ρcr(z)× (4/3)πR3

500, and
the concentration parameter c proposed by Navarro
et al. (1997) to describe the cluster properties:

R500 = cRs

M500 = 4πρsR
3
sE(c)−1,

where E(c) = [ln(1 + c)− c/(1 + c)]−1 ,

and ρcr(z) = 3/(8πG)H(z)2 is the mean (critical)
density of the Universe at cluster redshift z, we will
transform (A4) to

ε =
GM500mp

2kTeRs
E(c) (A5)

� 9.1cE(c)

(
M500

1015 M�

)(
R500

500 kpc

)−1( kTe

5 keV

)−1

.

Figure 14 shows how the equilibrium gas density
distributions in a cluster with the NFW dark matter
profile calculated from Eqs. (A3) and (A4) depend
on the cluster mass M500 and gas temperature kTe.
The concentration parameter c was taken to be 2.5.
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Fig. 15. The relative background distortions (thick blue lines) arising in a cluster where the dark matter is distributed according
to the NFW law, while the gas is distributed according to Eq. (A3). The cluster mass is M500 = 1× 1015 M� (the core
radius is Rc � 300 kpc), the radial optical depth of the gas is τr � 1.3× 10−2. The cases with various break radii Rb are
considered. The background distortions in a cluster with a uniform density distribution (thin green lines) with a radial optical
depth τc = 6× 10−3 are shown for comparison. The gas temperature and metallicity in both cases are the same, kTe = 5 keV
and Z = 0.5 Z�.

For the cluster with M500 = 5× 1014 M� the cen-
tral gas density Ns was determined by assuming the
mass of the gas contained within the radius R500 to
be Mg(R < R500) � 0.1 M500 (Kravtsov et al. 2006).
The central gas density in the remaining clusters
was fixed at this value for the convenience of tracing
the change in profile shape (obviously, the condi-
tion Mg � 0.1 M500 no longer must be fulfilled in
this case). The gas distribution depends on kTe as
strongly as it does on M500 (compare the distribution
for the cluster with M500 = 5× 1014 M� and a gas
temperature kTe = 5 keV indicated by the solid blue
line and the distribution for the same cluster, but with
kTe = 6 keV indicated by the dashed black line). This
would be expected, because these quantities enter
into (A5) in the combination M500/kTe.

The thick (green) line in the figure indicates the

β gas distribution with β = 2/3 and rc = 0.5Rs. The
characteristic values of Rc and R500 are marked in
the figure by the vertical dotted (red) lines. The
normalization of the gas density was chosen in such
a way that this distribution roughly coincided with
the gas distribution in the NFW model near R ∼ Rs.
The β distribution is seen to have a much gentler
(flatter) profile in the central (R � Rs) part of the
cluster than the NFW profile. For comparison, the
dotted (black) curve in the figure indicates the NFW
dark matter distribution proper, its normalization was
set equal to 10% of the density ρD(R)/mp for M500 =

5× 1014 M�.5 The radial Thomson optical depth
for such a cluster calculated by integrating the dis-

5 This is how the cluster gas would be distributed if the shape
of its radial density profile closely coincided with the shape of
the dark matter profile.
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tribution (A3) is τr � 3.3× 10−3, which accounts for
∼2/3 of τc = σTNsRс and is even smaller for more
massive clusters. For the β distribution with a flat
top the radial optical depth is 0.5πτc (see Eq. (6)).
This difference is related to the more rapid drop in
gas density with radius in the central part of the NFW
model cluster.

The results of our computations of the cosmic
background distortions for a cluster with the NFW
dark matter profile are indicated in Fig. 15 by the
thick (blue) lines. Here we consider a more mas-
sive cluster with M500 = 1× 1015 M�, a radial op-
tical depth τr = 1.3× 10−2 (τc = 3.8 × 10−2), Rs =
600 kpc (Rc = 300 kpc), a gas temperature kTe =
5 keV, and metallicity Z = 0.5 Z�. For comparison,
the thin (green) lines indicate the results of our com-
putations of the background distortions for a cluster
with a uniform gas density with a radial optical depth
τс = σTNeRс = 6× 10−3 and the same temperature
kTe = 5 keV. We considered the cases with various
density break radii Rb = 0.5, 1, 2, 5, and 10 Rs.
Although the real Thomson optical depth of the gas
in the NFW cluster exceeds that in the homogeneous
model by a factor of ∼2, the distortions arising in the
NFW model due to the strong gas concentration to
the center are comparable to the distortions in a clus-
ter with a uniform density (for the calculations with
Rb ≤ 1Rs). For larger Rb the distortion amplitude
drops in the same way as in the case of a cluster
with a β density distribution (Fig. 5). Obviously, the
distortion depth is determined by the optical depth
averaged over the visible part of the cluster 〈τT〉. Just
as in the case of a β distribution, it is clear that the
efficiency of background distortion observations by a
telescope with an aperture (angular resolution) with
a radius more than ∼1−2Rc (at given z) should drop
rapidly.
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