
Constraining Viscous Dark Matter in light of CMB Spectral Distortion

Shibsankar Si ,1, ∗ Alekha C. Nayak ,1, † and Pravin Kumar Natwariya 2, 3, ‡

1National Institute of Technology, Meghalaya, Shillong, Meghalaya 793 003, India
2School of Fundamental Physics and Mathematical Sciences,

Hangzhou Institute for Advanced Study, UCAS, Hangzhou, 310 024, China
3University of Chinese Academy of Sciences, Beijing, 100 190, China

(Dated: April 23, 2024)

We calculate the µ- and y-type spectral distortions of Cosmic Microwave Background (CMB), tak-
ing a non-standard interaction between baryons and viscous dark matter. Using the CMB spectral
distortion observations, we can constrain any exotic mechanism that may change the energy of the
CMB photon, leading to a CMB spectrum distortion. Depending on the viscosity of dark matter,
the energy transfer between dark matter and baryons may modify, leading to a modification in CMB
distortion. The existing Cosmic Background Explorer (COBE)/FIRAS and the Primordial Inflation
Explorer (PIXIE) set limits on y and µ types of distortions to y = 1.5× 10−5, µ = 9.0× 10−5 and
y = 10−8, µ = 5.0×10−8, respectively. In this paper, we discuss the pre-recombination contributions
to µ and y-type distortions by viscous dark matter and constrain the parameter space using PIXIE
bounds on spectral distortion.
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I. INTRODUCTION

The Cosmic Microwave Background radiation repre-
sents the earliest light to have traversed the Universe. Its
perfect blackbody spectra were initially discovered by the
Cosmic Background Explorer (COBE) [1, 2]. Subsequent
generations of satellites, such as the WMAP and Planck
satellites, have detected significant fluctuations in the
power spectrum of CMB temperature on a large scale [3–
6]. Additionally, ground-based observations, such as the
Atacama Cosmology Telescope and the South Pole Tele-
scope, have observed fluctuations on small scales [7, 8].
These CMB fluctuations provide a window to explore the
early Universe.

At redshift z ≳ 2× 106, any photon production or de-
struction in the Universe leads to a thermal equilibrium
between matter and radiation through bremsstrahlung
and double Compton scattering. However, as the Uni-
verse reaches redshift z ≲ 2 × 106, the efficiency of dou-
ble Compton and bremsstrahlung scattering decreases
because of the high entropy of our universe [9–11]. At
redshifts between 5 × 104 and 2 × 106, any energy in-
jection into the plasma causes the heated electrons to
alter the photon temperature without changing the pho-
ton number density via Compton scattering. The equi-
librium distribution of photons via Compton scattering
after energy injection follows a Bose-Einstein distribution
with a nonvanishing chemical potential, resulting in the
production of µ-type distortion [12]. When energy injec-
tion occurs between redshifts 103 and 5 × 104, the elas-
tic Compton scattering of photons becomes inefficient in
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establishing the Bose-Einstein spectrum, leading to the
production of y-type spectral distortion. After redshift
z ∼ 103 (the recombination epoch), only y-type distor-
tion from inverse Compton scattering of CMB photons
by heated electrons in the intergalactic medium is ex-
pected. The COBE/FIRAS’s constraints on the y-type
(µ-type) distortion are y = 1.5 × 10−5 (µ = 9.0 × 10−5)
[13]. The future experiment Primordial Inflation Ex-
plorer (PIXIE) aims to detect y-type (µ-type) distortion
at levels of y = 10−8 ( µ = 5.0× 10−8) at a 5σ level [14].
In this paper, we use these limits on spectral distortion
to constrain the parameter space of viscous dark matter
mass and the scattering cross-section with baryons.

Distortions of the CMB spectrum may occur from any
mechanism that can heat or cool the baryons. Processes
such as dark matter annihilation and decay can inject en-
ergy into baryonic matter, resulting in noticeable CMB
distortions [9]. Therefore, the study of CMB distortion
can give a strong upper limit on the dark matter anni-
hilation rate. When unstable particles decay at a rate
greater than the Hubble rate, a large quantity of en-
ergy can be injected into the CMB. In the context of
CMB spectral distortion, the constraints on the decay
rate of unstable particles have been studied in the earlier
articles [9, 15]. Furthermore, the decaying primordial
magnetic fields (PMFs) can also inject energy into the
plasma via ambipolar diffusion and turbulent decay [16–
24]. The energy injection by decaying PMFs can also
lead to CMB spectral distortion [25]. In Ref.[26], the
authors calculated the µ- and y-types of spectral distor-
tion and constrained on the PMFs strength, B0, and the
spectral index of PMFs, nB . Similarly, primordial black
holes (PBHs) can also inject energy into CMB by Hawk-
ing evaporation. PBHs with masses less than ∼ 1015 g
may have evaporated by now, and their high photon pro-
duction during evaporation makes them significant con-
tributors to CMB distortions. The effects of PBHs evap-
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oration on CMB distortions have been studied in Ref.
[27], where it was shown that PBHs with masses in the
range from 1011 g to 1014 g can significantly impact CMB
spectral distortions. Additionally, primordial black holes
(PBHs) are important sources of energy injection into
the CMB. PBHs having masses smaller than 1015 g have
evaporated from the Universe, and their high photon pro-
duction during evaporation makes them significant con-
tributors to CMB distortions [27].

Despite a decade of research, understanding the mi-
croscopic nature of dark matter is still one of the main
challenges and active areas of research in cosmology and
astroparticle physics. The standard model of cosmol-
ogy, ΛCDM model, posits that the Universe is predomi-
nantly composed of collisionless cold dark matter (about
27 percent of the total energy budget of the Universe)
particles that only interact with standard model (SM)
particles through gravity. In this framework, dark mat-
ter is considered an ideal fluid. This model effectively
explains the large-scale structure of the universe. How-
ever, over time, many discrepancies between the obser-
vations and predictions based on the ΛCDM framework
have emerged, such as the missing satellites problem,
too-big-to-fail problem, core-cusp problem, etc. (for de-
tails, see the review article [28] and references therein).
There have been numerous efforts to resolve these small-
scale problems, and over time, many alternatives to the
cold dark matter model have been proposed, such as self-
interacting dark matter [29–31], fuzzy cold dark matter
[32–34], primordial black holes as dark matter [35–45],
warm dark matter [46–51], etc. One proposed approach
to addressing these issues involves considering dark mat-
ter particles as warm rather than cold, suggesting that
they were quasi-relativistic at the time of kinetic decou-
pling from the thermal bath in the early Universe [30]. In
contrast to CDM, warm DM predicts a power spectrum
that is damped on small scales due to free-streaming, re-
sulting in a reduction in the number of substructures.
Warm DM halos form later than CDM halos, leading
to lower concentration levels in warm DM halos. High-
resolution N-body simulations have indicated that warm
DM can offer solutions to the problems of missing satel-
lites and too big-to-fail [30]. Furthermore, warm DM
halos are characterised by constant-density cores deter-
mined by the phase space density limit. However, these
core sizes are too small to resolve the core-cusp problem
under Lyman-α forest observations [30, 52, 53].

Spergel and Steinhardt, in 1999, proposed a solution to
the core-cusp and missing satellites problem by introduc-
ing the existence of self-interacting dark matter (SIDM)
[54]. In this scenario, DM particles interact with each
other elastically. This can give rise to a non-zero vis-
cosity in DM fluid. The viscosity should be considered
when looking at departures from thermal equilibrium to
the first order in the cosmic fluid. The viscosity of SIDM
can be characterised by two separate coefficients: bulk
viscosity and shear viscosity. Here, it is to be noted
that the viscosity in dark matter can also arise in the

ΛCDM description as we can take fluid approximation
for dark matter on the nonlinear scale because the par-
ticles can move freely up to a finite scale under gravity
[55]. However, in the present work, we consider a model-
dependent bulk viscosity for self-interacting dark mat-
ter. The widely accepted spatial isotropy of the Universe
leads to the omission of shear viscosity in most analyses
[56]. The bulk viscosity can play a crucial role in cosmo-
logical models. If the bulk viscosity is sufficiently large,
it can provide an explanation for dark energy [57, 58]. It
offers a compelling explanation for the late-time acceler-
ated expansion of the Universe [57, 58]. The introduc-
tion of bulk viscosity for cosmic fluid can also circum-
vent the Hubble tension [59]. Studies have demonstrated
that bulk viscosity can be generated by the decay of cold
dark matter into relativistic particles [60, 61]. Further-
more, it has been suggested that dark matter may exhibit
inflation-like behaviour if it possesses a high enough bulk
viscosity [60–63]. These results show the potential im-
pact of DM viscosity on the evolution of the Universe
and its implications for cosmological models.
The temperature of dark matter rises if the dark mat-

ter’s viscosity is high enough [64]. However, the low DM
viscosity does not generate sufficient entropy to change
the DM temperature, and the DM fluid behaves like an
ideal fluid. Using the law of thermodynamics, the tem-
perature evolution of baryon and dark matter in the pres-
ence of DM-gas interaction has been studied [65]. The
energy transfer from baryon to dark matter changes due
to the interaction of viscous dark matter with baryon.
Hence, the photon energy also gets modified as it is cou-
pled with the baryon during the pre-recombination, and
it leaves an imprint on the CMB spectrum. Using PIXIE
and FIRAS limits on CMB spectral distortion, we con-
strain the parameter space of viscous dark matter.
This paper is organised as follows: In Sec.II, we discuss

the evolution of dark matter temperature in the presence
of viscosity. In Sec.III, we briefly discuss the temperature
evolution of baryon and dark matter in the presence of
baryon-dark matter cross-section and dark matter vis-
cosity. In Sec.IV, we briefly review the CMB spectral
distortion. The evolution of CMB spectral distortion
for different viscosity parameters, dark matter mass, and
baryon-dark matter cross-section are presented in Sec.V.
Finally, we put constraints on dark matter mass and dark
matter baryon scatter cross section using PIXIE and FI-
RAS limit in Sec.VI.

II. VISCOUS DARK MATTER

In the standard ΛCDM cosmological model, dark mat-
ter is taken to be collisionless and pressureless ideal fluid.
It fits data very well on a large scale; however, on a small
scale, it can not explain the core-cusp problem, miss-
ing satellites problem, and too-big-to-fail problem. Col-
lisionless and pressureless cold dark matter lead to ex-
cess structure and clustering. These clustering problems
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can be solved by taking self-interaction of dark matter.
Self-interaction of dark matter results in an effective bulk
viscosity. Using the Eckart theory of dissipative process,
the phenomenological form of dark matter viscosity can
written as [66],

ζχ = ζ0

(
ρχ(z)

ρχ0

)γ

, (1)

Here ρχ(z) and ρχ0 represent dark matter energy den-
sity at redshifts z and today, respectively. γ is the vis-
cosity parameter, we take γ = 0, − 1/2 so that the
integrated Sachs-Wolfe (ISW) effects problem for these
viscosity models is less severe [67, 68]. ζ0 is another vis-
cosity parameter which is related to another dimension-
less viscosity parameter: ζ̄ = 24πGζ0/H0, where G is
gravitational constant and H0 is Hubble constant.
The ρχ(z) we can calculate by using the continuity

equation [66].

dΩχ(z)

dz
= 3

1+zΩχ(z)− ζ̄
1+z

(
Ωχ(z)
Ωχ(0)

)γ [
Ωr0(1 + z)4

+Ωb0(1 + z)3 +Ωχ(z) + ΩΛ

]1/2
= 0 , (2)

with initial condition Ωχ(0) = Ωχ0 , where Ωi(z) =
4πGρi(z)/3H

2
0 , where i = r, b, χ, Λ. Here, the 0

subscript represents the present relic density of different
species at the present time. In the presence of viscous
dark matter, the Hubble expansion rate is

H = H0

[
Ωr0(1+z)4+Ωb0(1+z)3+Ωχ(z)+ΩΛ

]1/2
. (3)

Viscosity in the dark matter results in entropy pro-
duction, which heats the dark matter. Using the laws
of thermodynamics, the temperature evolution of dark
matter can be written as

(1 + z)
dTχ

dz
= 2Tχ − 2mχ

3Hρχ

dQv

dV dt
, (4)

here, Tχ, mχ, ρχ, and H(z) are the DM temperature,
mass, energy density, and the Hubble parameter, respec-
tively. In the above equation, the first term represents the
decrease in dark matter temperature due to Hubble ex-
pansion of the Universe, and the second term represents
the heating of dark matter due to dark matter viscosity.

The entropy production per unit volume due to the
bulk viscosity of dark matter in the expanding Universe
can be written as [65],

∇µS
µ =

ζχ
Tχ

(∇µu
µ)

2
, (5)

where, entropy four-vector Sµ = nχsχu
µ, sχ is the en-

tropy per unit particle, nχ is the number density, Tχ is
the temperature and uµ is the four-velocity of the dark
matter respectively. Applying the second law of thermo-
dynamics, the heat energy produced per unit volume per

unit of time due to dark matter viscosity in the comoving
frame is given by [65]

dQv

dV dt
= Tχ∇µS

µ = ζχ (∇µu
µ)

2
= ζχ(3H)2 (6)

From Eq.(4) and ((6)), we get the temperature evolution
equation as

(1 + z)
dTχ

dz
= 2Tχ − 6mχζχH

ρχ
. (7)

Eq.(7) implies that the temperature of dark matter rises
if the dark matter’s viscosity is high enough.

III. EVOLUTION OF THE IGM IN LIGHT OF
VISCOUS DARK MATTER

In this section, we discuss how the viscous property of
dark matter affects the evolution of dark matter and IGM
gas temperature. In the standard ΛCDM, dark matter
is much colder than the baryon as dark matter decou-
pled very early from the plasma. Hence, the interaction
between baryon and dark matter results in lower baryon
temperature [69–71]. Interaction between dark matter
and baryon is taken in the form of σ = σ0v

−4
rel , where

vrel is the relative velocity between dark matter and gas,
In the presence of baryon-dark matter interaction, the
heating rate of baryon can be expressed as [69–71]

dQb

dt
=

2mbρχσ0e
− r2

2 (Tχ − Tb)

(mb +mχ)2
√
2πu3

+
ρχmχmbvrelD(vrel)

ρm(mχ +mb)
,(8)

where, Tb represents baryon temperature, mb mass of
the baryon, r = vrel/u, and u2 =

(
Tb/mb + Tχ/mχ

)
.

The second term in Eq.(8) represents the heating of both
baryon and dark matter due to drag between baryon and
dark matter fluid. The drag term is expressed as [70],

D(vrel) ≡ −dvrel
dt

=
ρmσ0

mb +mχ

1

(vrel)2
F (r) , (9)

where. the function F (r) is given by

F (r) = erf

(
r√
2

)
−

√
2

π
e−

r2

2 r . (10)

In the pre-recombination era, where the estimated rms
value of relative velocity between DM and baryon (vrms)
is 10−4c [72]. Hence, second term of Eq.(8) do not con-
tribute the heat rate of the baryon D(vrel) vanishes in
the pre-recombination era
We can get the dark matter heating rate (dQχ/dt) by

exchanging b ↔ x in Eq.(8). Now, the temperature evo-
lution equations of the baryon and dark matter will be[65]

(z + 1)
dTb

dz
= 2Tb −

ΓC

H
(Tγ − Tb)−

2

3H

dQb

dt
, (11)



4

(1 + z)
dTχ

dz
= 2Tχ − 6mχζχH

ρχ
− 2

3H

dQχ

dt
, (12)

where, ΓC denotes the Compton scattering rate. In
Eq.(11), the last term dQb/dt represents the rate of heat
transfer from baryon to dark matter caused by the inter-
action of DM and baryon. Further, in Eq.(12), the sec-
ond term dQχ/dt denotes the dark matter particle’s heat
absorption rate. Dark matter is cooling due to Hubble
expansion, which is the first term in Eq.(12), the second
term represents the heating of dark matter due to the
viscous nature of dark matter, and the third term rep-
resents the heating of dark matter due to heat transfer
from baryon.

IV. CMB SPECTRAL DISTORTIONS

The measurement of the CMB spectral distortions is a
powerful tool for studying the evolution of the Universe.
Two spectral distortions commonly identified for CMB
are µ-type and y-type distortions. The µ-type distortion
arises when the number density of photons remains the
same but the total energy density increases. This effect
can result in an effective non-zero chemical potential and
establish a Bose-Einstein distribution for the photons.
This type of distortion arises at a very high redshift, z ≳
5× 104.
On the other hand, the y-type distortion is produced

relatively at lower redshift when Compton scattering be-
comes insufficient. Here, non-relativistic Compton scat-
tering becomes important, giving rise to y-type distor-
tion. Both types of distortion, in the light of non-
standard physics, have been studied in various prior stud-
ies [9–12]. The COBE/FIRAS put an upper bound on
the CMB spectral distortions [13]. In this work, we con-
sider the upper bound on CMB spectral distortion by
PIXIE and COBE/FIRAS, and constrain the parameter
space for viscous dark matter.

At redshift z ≳ 2 × 106, photons remain in complete
thermal equilibrium with the plasma due to efficient scat-
terings between photons and baryons. Any energy in-
jection into the medium is quickly redistributed in pho-
tons by Compton scattering, and the modification in the
number density of photons is adjusted by double Comp-
ton and bremsstrahlung, keeping a black body distribu-
tion for photons. Below z ≲ 2 × 106, bremsstrahlung
and double Compton scattering become ineffective due
to the high entropy of the Universe. Between redshift
5 × 104 ≲ z ≲ 2 × 106, any energy injection into the
IGM changes the photon energy density while maintain-
ing the photon number density constant through elastic
Compton scattering, resulting in Bose-Einstein distribu-
tion. This leads to an effective non-zero chemical poten-
tial, known as µ-type distortion [12, 26].

The evolution of µ can be expressed as [26]

∂µ

∂t
=

1.4

3

(
dQb

dt

/
ργ

)
− µ

tdc
(13)

In the first term, a factor of 1/3 denotes that spectral dis-
tortions arise by only 1/3 of the total energy injection,
while the rest 2/3 contributes to increasing the average
temperature [26, 73, 74]. Here, the double Compton scat-
tering time scale is denoted by tdc

tdc = 2.06× 1033
(

1

Ωbh2

)(
1− Yp

2

)−1

z−9/2 (14)

where, Ωb is the dimensionless energy density parameter
for the baryons, and Yp is the primordial abundance of
helium, which is estimated to make up roughly 25% of the
Universe’s ordinary matter. The value of the primordial
helium abundance Yp ≈ 0.24. At redshift between 2×106

to 5 × 104 the solution of the Eq.(13) can be written as
[26]

µ =
14

30

∫
e−(z/zdc)

5/2

[(
dQb

dz

)/
ργ

]
dz , (15)

here, the integration limits are from z = 2 × 106 to
z = 5× 104. Furthermore, dQb/dz represents the energy
injection with redshift, ργ is the photon energy density
and

zdc ≡ 1.11× 107
(

Ωbh
2

0.0224

)−2/5

, (16)

here, Ωb is the dimensionless energy density parameter
for the baryons.
The µ type of spectral distortion is defined by the

frequency-dependent chemical potential, which is almost
constant at the high frequency and vanishes at the low
frequency. Compton scattering is no longer effective for
redshifts z ≤ 5×104 because the energy photon decreases
to a sufficiently low value. Hence, the Compton redistri-
bution of photons over frequencies is too weak to estab-
lish the Bose-Einstein spectrum. Any energy injection
into the IGM no longer produces µ-type spectral distor-
tion [12]. Between 103 ≲ z ≲ 5×104, any energy injection
into IGM produces y type of distortion, where low-energy
CMB photons scatter from high-energy cluster electrons,
and photons gain energy by interacting with electrons via
the inverse Compton scattering [11]. The CMB spectrum
shifts to a higher frequency due to the energy transfer
from the hotter electron to a colder photon, and it pro-
duces y-type spectral distortion. The CMB spectral dis-
tortion due to inverse Compton scattering is defined by
Comptonisation parameter y [12, 26]. The y parameter
is given by,

y =
1

12

∫ [(
dQb

dz

)/
ργ

]
dz , (17)

here, the integration limits are from z = 5 × 104 to the
recombination epoch, z ∼ 103. After the recombination
epoch, photons and baryons get decoupled. However, the
free electrons and photons remain in thermal equilibrium
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due to Compton scattering till around a redshift z ≈ 200.
Only y-type distortion was observed in this era, which we
have not studied in this paper.

In this paper, we have taken the effect of dark mat-
ter viscosity during the pre-recombination era. If the
DM viscosity is sufficient, the dark matter temperature
rises over cosmic time due to entropy formation. Since
dark matter is interacting with the baryon, it also affects
the baryon temperature. Taking both baryon-dark mat-
ter interaction and viscosity of dark matter, we calculate
the CMB spectral distortion for different viscosity pa-
rameters and DM-baryons scattering cross-section. We
also constrained DM parameter space from the spectral
distortion.

V. DISCUSSION AND RESULTS

This work discusses the µ and y type of CMB spectral
distortion in light of dark matter viscosity. In this sec-
tion, we plot variations of µ-type and y-type distortion as
a function of redshift for different dark matter mass and
baryon-dark matter scattering cross-sections. Further-
more, we also plot the allowed parameter space for dark
matter mass and cross-section with baryons using PIXIE
limits on µ and y types of CMB spectral distortions.
Here, we will study how the interactions between DM

and baryons change their temperature. To do so, we need
to calculate the drag on the relative velocity due to inter-
actions with baryons [75]. We consider that the DM elas-
tically scatters off baryons with a scattering cross-section
σ = σ0v

n
rel, where vrel is the magnitude of the baryon-

DM relative velocity and power index n is an integer [75].
At a very early time, baryons always have a single tem-
perature because Coulomb scatterings occur frequently.
The CMB and baryon temperatures are closely coupled
due to the Compton scattering with free electrons and
photons. The DM temperature’s evolution and the time
it deviates from the baryon temperature depend on the
power index n [72]. Baryons and dark matter are coupled
early for larger n; however, as the Universe expands, the
DM cools adiabatically as the scattering rate falls below
the Hubble rate [72, 76]. Here, we have considered the
scale factor aχb as [76]

aχb =

2cnσ0ρcΩb

(
T 0
γ

mb

)n+1
2

H0Ω
1/2
r

mb

mχ

(
1 +

mb

mχ

)n−3
2


2

n+3

(18)

where ρc, Ωb, and Ωr are the critical density, the baryon
density, and radiation density, respectively. Here cn =
2

n+5
2 Γ(3+n

2 )
3
√
π

[72]. The transition between thermal cou-

pling and decoupling of DM is shown by the scale factor
aχb. The DM initially becomes strongly coupled to the
baryons and thermally decouples at scale a > aχb. In the
range of DM masses that we look at, DM temperature

becomes very low at redshift z < 106 (10−6 times lower
than the baryons temperature)[72]. Here we consider the
pre-recombination era (redshift z > 103), where the es-
timated rms value of relative velocity between DM and
baryon (vrms) is 10

−4c [72], and the free electron fraction
xe ≈ 1.

In figure. (1), we explore how the viscosity parameter,
dark matter mass, and interaction cross-section influence
each other in defining the µ−type of CMB spectral dis-
tortion. From left (figure 1a & 1c) to right (figure 1b &
1d), we increase the dark matter mass, while from top to
bottom, we increase the viscosity. In all figures, we have
varied the strength of the baryon dark matter interac-
tion cross-section from 10−9 GeV−2 to 10−12 GeV−2. As
we increase the value of σ0, CMB spectral distortion in-
creases. From Eq.(15), we can see that dµ/dz ∝ dQb/dz,
when we increase the value of σ0, energy transfer from
baryons to dark matter increases— Eq.(8), and it results
in a higher spectral distortion of CMB. To get the plots,
we consider the initial condition for baryon temperature
as Tb = TCMB, while for the dark matter temperature to
be, Tχ ∼ 0 [72]. We choose the dark matter tempera-
ture to be zero because for the considered dark matter
parameter space, the dark matter decouples at a very
high redshift. After decoupling, the dark matter evolves
as adiabatically, ∝ (1 + z)2, and it becomes very small
compared to the baryon temperature around redshift of
∼ 2 × 106. For example, for a dark matter mass of
0.01 GeV and σ0 = 10−9 GeV−2, the decoupling red-
shift for dark matter is about of 1011 — Eq.(18). Con-
sequently, around a redshift of 2 × 106, the dark mat-
ter temperature is around 105 times smaller than the
baryon temperature. Therefore, while solving the differ-
ential Eqs.(11) and (12), we consider dark matter tem-
perature, Tχ ∼ 0. In figure (1a), initially, the value of
|dµ/dz| is large, and it starts to decrease as we go towards
lower redshift. It happens because the energy transfer
from baryons to dark matter, dQb/dt ∝ u−3. Initially,
the dark matter temperature is zero, and the dominat-
ing term in u is (Tb/mb)

1/2. As we evolve the equations
with redshift, the dark matter temperature starts to rise,
and the term Tχ/mχ in u becomes larger than Tb/mb.
Therefore, initially, 1/u3 starts to decrease, resulting in
smaller values of |dµ/dz|. After a certain point, the dark
matter temperature starts to decrease due to the expan-
sion of the Universe, causing a higher value of 1/u3 —
i.e. higher spectral distortion of CMB. In addition to
this |dµ/dz| ∝ ρχ/ργ ∝ (1+z)−1, thus, as we go towards
lower redshift, the value of |dµ/dz| increases. In this
case |dµ/dz|, initially follows Tb/mb and later it follows
Tχ/mχ. The case with σ0 = 10−12 GeV−2 (red solid
line) increases continuously. This happens because the
temperature of dark matter always remains more than
102 times smaller than the baryon temperature due to
the small interaction cross-section between dark matter
and baryons. Therefore, the term Tb/mb is always larger
than the Tχ/mχ in u for the considered redshift range.
Consequently, dµ/dz follows the Tb/mb for the complete
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FIG. 1: Evolution of dµ/dz as a function of redshift. Here, we vary the strength of the dark matter cross-section with
baryons as σ0 = 10−12, 10−11, 10−10, 10−9 GeV−2, for fixed values of the viscosity parameters (γ and ζ0) and mass
of dark matter. In the left panels, dark matter mass is fixed to mχ = 0.01 GeV, while in the right panels, it is fixed
to mχ = 0.001 GeV. In the figure, we have varied the value of ζ0 from 0 to 10−2 from top to bottom.

µ-distortion era. As we decrease the dark matter mass,
the energy transfer from baryon to dark matter increases,
resulting in a higher spectral distortion of CMB— figure
(1b). In figures (1c and 1d), we include the viscosity
of dark matter. Due to the viscosity, the dark matter
temperature rises. Therefore, the energy transfer from
baryons to dark matter becomes less effective compared
to non-viscous cases— figures (1a and 1b). This results
in a smaller spectral distortion of CMB.

In figure (2), we explore the impact of viscosity and
dark matter parameters on y-type of spectral distor-
tion of CMB. This type of distortion comes into effect
when the baryon temperature becomes ≲ 105 K, and
non-relativistic Compton scattering between photons and
baryons takes place. This corresponds to the redshift of

about 5 × 104. As we go toward lower redshifts, the
value of u decreases. However, it remains larger than the
relative velocity between dark matter and baryons dur-
ing the µ-distortion era. Therefore, term exp(−r2/2),
in Eq.(8), remains about unity. As we go below the
redshift of ∼ 105, exp(−r2/2) starts to decrease. For
σ0 = 10−9 GeV−2 and ζ̄ = 0, it changes from 1 to
∼ 0.8 for a redshift range of 2 × 106 to 103. While
for σ0 = 10−12 GeV−2 and ζ̄ = 0, it change about 103

times— from 1 to ∼ 10−3. This can be seen in figures
(2a and 2b)— red solid lines. In the cases with dark
matter viscosity (figures 2c and 2d), the changes in the
values of exp(−r2/2) are not drastic compared to the
previous case. For ζ̄ = 10−2 and σ0 = 10−9 GeV −2:
(I) mχ = 10−2 GeV, exp(−r2/2) varies between 1 and



7

1000 2000 5000 1×104 2×104 5×104

10-13

10-12

10-11

10-10

10-9

z

|d
y
/d

z
|

mχ=0.01 GeV, ξ=0

σ0=10
-12

GeV
-2

σ0=10
-11

GeV
-2

σ0=10
-10

GeV
-2

σ0=10
-9

GeV
-2

(a)

1000 2000 5000 1×104 2×104 5×104

10-13

10-12

10-11

10-10

10-9

z

|d
y
/d

z
|

mχ=0.001 GeV, ξ=0

σ0=10
-12

GeV
-2

σ0=10
-11

GeV
-2

σ0=10
-10

GeV
-2

σ0=10
-9

GeV
-2

(b)

1000 2000 5000 1×104 2×104 5×104
10-14

10-13

10-12

10-11

10-10

10-9

10-8

z

|d
y
/d

z
|

mχ=0.01 GeV, ξ=10
-2

σ0=10
-12

GeV
-2

σ0=10
-11

GeV
-2

σ0=10
-10

GeV
-2

σ0=10
-9

GeV
-2

(c)

1000 2000 5000 1×104 2×104 5×104

10-13

10-12

10-11

10-10

10-9

z

|d
y
/d

z
|

mχ=0.001 GeV, ξ=10
-2

σ0=10
-12

GeV
-2

σ0=10
-11

GeV
-2

σ0=10
-10

GeV
-2

σ0=10
-9

GeV
-2

(d)

FIG. 2: Evolution of dy/dz as a function of redshift. Here, we vary the strength of the dark matter cross-section with
baryons as: σ0 = 10−12, 10−11, 10−10, 10−9 GeV−2, for fixed values of the viscosity parameters (γ and ζ0) and mass
of dark matter. In the left panels, dark matter mass is fixed to mχ = 0.01 GeV, while in the right panels, it is fixed
to mχ = 0.001 GeV. In the figure, we have varied the value of ζ0 from 0 to 10−2 from top to bottom.

0.5; (II) mχ = 10−3 GeV, exp(−r2/2) varies between 1
and 0.9 . For ζ̄ = 10−2 and σ0 = 10−12 GeV−2: (I)
mχ = 10−2 GeV, exp(−r2/2) varies between 1 and 0.2;
(II) mχ = 10−3 GeV, exp(−r2/2) varies between 1 and
0.6 . In the presence of viscosity in dark matter, there are
two sources for heating dark matter: one is the energy
transfer from baryon, and the other one is the viscosity—
Eq.(12). Therefore, the dark matter temperature may
rise above the baryon temperature, resulting in a sign
flip of dy/dz. The sign changes from positive to nega-
tive, causing a kink— this can be seen in the figure (2c).
As discussed earlier, by decreasing the dark matter mass,
the energy transfer from baryon to dark matter increases,
and we get a higher spectral distortion of CMB— also
displayed by figure (2d).

In figure (3), we have constrained the dark matter vis-
cosity using the bounds on σ0 −mχ by Planck 2015 and
CMB-S4 in light of µ-type (figure 3a) and y-type (figure
3b) spectral distortion of CMB. The green and yellow
shaded regions are excluded by Planck 2015 and CMB-
S4 (forecast), respectively [77, 78]. In figures (3a) and
(3b), the solid lines have been obtained using the PIXIE
limits on y and µ types of CMB spectral distortion, re-
spectively. The PIXIE limits on y and µ types of spectral
distortion correspond to < 10−8 and < 5× 10−8, respec-
tively. The coloured lines in figures (3a and 3b) represent
the upper bound on the dark matter baryon cross-section
as a function of mass for viscous dark matter. Increasing
the dark matter viscosity results in higher dark matter
matter temperature. Increasing the dark matter tem-
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FIG. 3: Constraints on dark matter parameter space for µ (left panel) and y (right panel) type of CMB spectral
distortion for different viscosity parameters. The green shaded region corresponds to the Planck 2015 constraints
(excluded) on the strength of dark matter cross-section with baryons (σ0) and mass of the dark matter (mχ) with
95% C.L., and the yellow region is forecast by CMB-S4 [77, 78]. In both plots, solid coloured lines depict the upper
bound on σ0 as a function of mχ for the corresponding viscosity of dark matter. The bounds have been obtained using
PIXIE limits on µ (left figure) and y (right figure) types of spectral distortion. PIXIE limit on the µ-type spectral
distortion is 5× 10−8; while, on the y-type spectral distortion is 10−8

.

perature reduces the efficiency of energy transfer from
baryon to dark matter. Therefore, one has to increase
the interaction cross-section to transfer energy efficiently
from baryon plasma to dark matter. Using this mech-
anism, one can constrain the viscosity of dark matter
for a given parameter set. For example, for dark matter
mass ≳ 7 × 10−4 GeV, viscosity ζ̄ ≳ 10−6 is ruled out
by CMB-S4 and PIXIE constraints on µ-type of CMB
spectral distortion. Similarly, for mχ ≳ 1.5× 10−4 GeV,
viscosity ζ̄ ≳ 10−1 is ruled out. In our analysis, we do
not consider FIRAS limits as PIXIE limits are stringent.

VI. CONCLUSIONS

In the ΛCDM cosmology, at redshift z > 106, the
CMB blackbody spectrum was maintained by the double
Compton scattering and bremsstrahlung process. Below
redshift z < 2× 106, bremsstrahlung and Couble Comp-
ton scattering become inefficient . If any non-standard
process produces energy or photons at z < 2 × 106,
the CMB spectrum bears an imprint, and the black-
body spectrum cannot be restored. As a result, it es-
tablishes a Bose-Einstein spectrum distortion at red-
shift 5 × 104 ≲ z ≲ 2 × 106, and in lower redshift
103 ≲ z ≲ 5 × 104, it produces a y-type distortion. The
future experiment PIXIE (COBE/FIRAS) will be able to
constraints on µ ≈ 5×10−8 (µ ≤ 9×10−5), and y ≈ 10−8

(y ≤ 1.5× 10−5) at 5σ.

Here, we have considered the pre-recombination con-

tribution of spectral distortion by the non-standard in-
teraction of the baryon and the viscous dark matter. We
find that for fixed dark matter mass and bulk viscosity
parameter ζ̄0 when we increase the baryon dark matter
cross section (σ0), energy transfer from baryon to dark
matter increases; hence, we see higher CMB spectral dis-
tortion (both µ− and y− type). In the case of constant
baryon-dark matter cross-section (σ0) and bulk viscosity
parameter ζ̄, low dark matter mass efficiently transfers
energy from baryon to dark matter resulting in higher
CMB spectral distortion (both µ− and y− type). Fur-
ther, for fixed dark matter mass and baryon-dark mat-
ter cross-section σ0, when we increase the viscosity pa-
rameter ζ̄, the temperature of the dark matter increases,
and the temperature difference between baryon and dark
matter decreases. Hence, the heat transfer rate dQb/dt
becomes less efficient, resulting in a smaller amplitude in
the CMB spectral distortion. However, as we move to-
wards a lower redshift, the temperature of the dark mat-
ter temperature becomes higher than the baryon tem-
perature due to the viscous nature of dark matter. As a
result, the heat transfer rate (dQb/dt) changes sign from
positive to negative (i.e., figure 2c), and we obtain the
kink in the magnitude of dy/dz.

Using the PIXIE constraints on CMB spectral dis-
tortion and dark matter-baryon scattering cross-section,
we have constrained the viscosity of dark matter for a
given parameter set. For example, for dark matter mass
≳ 1.5 × 10−4 GeV, viscosity ζ̄ ≳ 10−1 is ruled out by
CMB-S4 and PIXIE constraints on µ-type of CMB spec-
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tral distortion. In other words, for a finite value of dark
matter viscosity, the upper bound on the baryon-dark

matter interaction cross-section gets modified.
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