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Limit on the dark matter mass from its interaction with photons
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In this work, we explore the phenomenology of generalized dark matter (GDM) which interacts with
photons (y). We assume that DM establishes elastic scattering with y when it has already become
nonrelativistic, otherwise the abundance of DM today is disfavored by current observations. Within this
scenario, the equation of state (EoS) of DM is determined by its mass (12,) and the DM-y scattering cross
section. The distinctive imprints of a nonzero EoS of DM on CMB angular power spectrum allow us to set a
lower limit on m, with Planck 2018 data alone, i.e., m, > 8.7 keV at 95% C.L. In the study of cosmic
concordance problems, we find that the GDM scenario preserves the sound horizon (r,(z,)) predicted in the
fiducial ACDM model, and thus does not solve the H, tension. When performing the joint analysis of
Planck + LSS datasets, the best-fit Sg = 0.785 & 0.017 closely matches the given Sg prior. This suggests
that the GDM scenario can be counted as a viable candidate to restore the Sg (og) tension.
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I. INTRODUCTION

Despite the fact that tremendous progresses in observa-
tional cosmology [1-5] have allowed us to determine the
standard ACDM model with great precision, the origin and
composition of dark matter (DM) and dark energy (DE) [6]
which comprise most of the energy content in the universe
remain unknown. In the standard picture, the cold dark
matter (CDM) consists of noninteracting or weakly inter-
acting massive particles (WIMPS) of mass 10 GeV <
m, <1 TeV, which currently could only be observed
through its gravitational effect [7-9]. Although the CDM
paradigm is in good agreement with a large bunch of
experiments, we still lack of direct evidence for its
existence and understanding of its particle nature. Hence,
extensive work has been dedicated to determine the mass of
DM [10-15].

With the increase in precision of cosmological meas-
urement, the standard picture is faced with the cosmic
concordance problems. The most famous discrepancy are
known as the H, tension [2,16—-18] and the o3 (Sg) tension
[4,19-21]. Moreover, observations on galaxy scales indi-
cate that ACDM model are faced with serval problems
[22,23] in describing structure at small scales including the
core-cusp problem, the diversity problem for rotation
curves, and the missing satellites problem (see Ref. [24]
for a review). These issues have motivated people to
explore the physics beyond the standard CDM paradigm.
One important aspect is the possible interaction of DM with

* 11702005 @mail.dlut.edu.cn
"Ixxu@dlut.edu.cn

2470-0010/2022/105(10)/103509(14)

103509-1

standard model particles like baryons [25-31], neutrinos
[32-38], or photons [39-45]. Meanwhile, current bounds
on DM mass are often relying on the assumption that the
abundance of DM is acquired through the thermal contact
with the SM particles [10,12]. If DM transfers its entropy to
either the electrons and photons or to the neutrinos [46],
one can set a lower limit on m, of O(MeV) thorough its
impact on the effective number of neutrinos (N) [46-52].
Nevertheless, thermal DM can be as light as a few keV
as long as dark matter thermalizes with the Standard
Model below the temperature of neutrino-photon decou-
pling [14].

In this work, we focus on the interaction between DM
and photons (y) and purpose an alternative method a to set
limit on m,. Note that this method is applicable to the
interaction of DM with other standard model particles like
baryons or neutrinos. By assuming elastic scattering
between DM and photons, previous works [27,39—41]
have derived a upper bounds on the DM-photon(y) scatter-
ing cross sections (c,_,) to mass ratio, e.g., 6,_, < 8 X
1073 (m,/GeV) at 68% C.L. This ratio can be translate to
the DM-y decoupling scale (ag.) [41]. Note that the
temperature of DM traces the temperature of photons
(T, « a~") prior to DM-y decoupling, and dilute as: T, «
a? after ag... At the beginning, we assume that DM enters
equilibrium with the SM at early times and acquires a large
thermal abundance as relativistic species. If DM cools
naturally with the Hubble flow, the mass of DM will be too
small (m, <1 eV) to be compatible with current observa-
tions [53-56]. Thus, we are left with the possibility that the
elastic scattering is established when DM has already

© 2022 American Physical Society
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become nonrelativistic.' This requires the DM mass
exceeding its kinetic energy when entering equilibrium
with photons, i.e., m, > T,(deqm) = T,(Geqm)- Even so,
the energy and pressure density of DM can still contribute
non-negligibly at the background level. This motivates us
to consider the equation of state (EoS) of DM. Such a
picture can be subscribed to the scenarios of generalized
dark matter (so we denote as GDM hereinbelow) which is
first proposed by Ref. [57] (see [58,59] for a detailed
discussion). The EoS of DM is dependent on both the DM
mass (m,) and o,_,. We include an extra parameter m,, to
study the EoS of DM and further its distinctive imprints on
the CMB angular power spectrum. These imprints allows
us to constrain m, can independent of o,_,, and thus one
can set a lower limit on m,, with Planck data alone. In the
study of cosmic concordance problem, we find that the
thermalization of DM has negligible impact on the sound
horizon at last scattering r(z,) as well as the late expansion
history, and thus does not solve the H, tension. While the
most prominent feature of this scenario is the suppression
in small-scale modes, which lowers the inferred value of oy
and Sg =0y (Qm/O?’)OS

To study the transitional epoch of the DM-y decoupling,
we have also investigated the background bulk viscous
pressure IT[60,61]. We find that the (negative) bulk viscous
pressure can be viewed as a correction to the overestimated
DM pressure when the two fluids are approximated by a
single coupled fluid. Meanwhile, the impact of bulk
viscous pressure on the background evolution of the
universe is negligible when compared with the influence
of the EoS of DM. The outline of this paper is as follows:
in Sec. I we take a brief review of the basic equations
associated with DM-y interaction. In Sec. III, we introduce
the basic features of the GDM scenario at both the back-
ground and perturbation levels. In Sec. IV, we describe our
numerical implementation of the GDM model and the
datasets used in our analysis. The numerical results of the
Markov chain Monte Carlo (MCMC) analysis are pre-
sented in Sec. V. The discussion and conclusions are
presented in Sec. VI.

II. THEORY

In this section we present the basic ingredients of the
GDM model.

A. Background

At early times, the elastic scattering between dark matter
and photons keeps the two species in kinetic equilibrium.

Tt is possible that DM coupled to photons at early time as
relativistic species. In this case one has m, 2 O(MeV), because
DM shall transfer most of its entropy to SM particles prior to
big bang nucleosynthesis (BBN) as it becomes nonrelativistic
[46-49].

When the momentum exchange rate between the two
species falls off the Hubble expansion rate, DM is assumed
to decouple from photon-bath after which its temperature
T, evolves as a~2. The evolution of DM temperature is
expressed as:

. 8
T, = —2HT, + L j(T, - T,), (1)
3p,

where - = %, ‘H = aH is conformal Hubble rate and j is the
DM-y scattering rate defined as

p=an,o,_,, (2)

which is in analogous to the Thomson scattering rate
k = an,om,, with o,_,, o, the DM-y scattering cross
section and Thomson scattering cross section, respectively.
Following from previous works [39,40], we parametrize the

effect of interaction by dimensionless quantity

Oy—r my, -
S LS 3
Yer = (100 GeV) (3)

which is proportional to the ratio of niu and x. We denote as
agec the scale at which the conformal DM-y momentum

exchange rate j—’;’ 4t equals to the conformal Hubble rate H,
X
after that DM decouple from photons. In the radiation-

dominated era where H « 1/a, the decoupling scale can be
approximated as:

e 1.6 x 10731, @)

CMB constraint in Ref. [40] set an upper limit on the DM-y
interaction (u,_, < 2.25 X 10~%) and equivalently an upper
bound on the decoupling scale, i.e., ag.. < 2.4 x 107,

If the DM particles are relativistic at early times, the
energy density and pressure are given by

g [ &p p? 1
P){(T)((a’ u)(—y)) - g/ (271)3E_XeE1/kBTI(“'”I—V) +1 ’ (5&)

o dp 1
E
G B T T

p){(T)((avu;(—;/)) _gl (Sb)

with E, = |/p? + mZ, g the internal degrees of freedom,

and +1 corresponds to fermions/bosons, respectively. The
EoS of DM (w, = P,/p,) determines the evolution of DM
density:

a1l +w,(T,(d,u,,),m,)
@) = pgaesp (3 [ G ),

(6)
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where p, o = €, op,, is the current density of DM, with p,,

Q, o the critical density and DM density fraction, respec-

tively. In relativistic approximation (7, > m,, ), we have

2 2
9.7 4 _ g.m
T =501 =5

Ty, (7)

with g, = g forbosons and g, = (7/8)g for fermions. From
Eg. (7) and Eq. (6), one can determine m,, by equating p, o
with Planck best-fit CDM density, i.e., p,o/pe =Q,0 =
Q.o. Note that the abundance of DM (n, =p,/m,)
decrease with the increase of agy.., thus, an upper bound
on age can be translate to an upper limit on 1, of O(eV).
This bound is much below the threshold of warm DM [62].
Consequently, DM must be nonrelativistic when the DM-y
elastic scattering being established.

In the nonrelativistic approximation, the pressure and
energy density of DM reads:

3
P, = n,kgT,, py, = n,m, + En)(kBT)(’ (8)

The Friedmann equations in this scenario are written as:

H*(z) = H}[Qp + Q, 007" + Qpoa™ + Q,(a)l, (9a)

. 3 1
H(z) :_EH% 1-Q, +§Q,’0a_4+wx(a)§2)((a) . (9b)

where Q,,€,0, and Q, are the present time density
parameters for radiation, baryon, and dark energy, respec-
tively, while Q, (a) = p,(a)/p., is the density parameter
for DM.

B. Bulk viscous

Works in Ref. [60] have studied the emerging bulk
viscous pressure II, which acts as an extra background
effect during the DM-y transitional epoch. We show in the
Appendix that the bulk viscous pressure is a secondary
effect of the thermodynamics of DM at the background
level, which can be viewed as a correction to overestimated
DM pressure P,(T) when the two fluids are approximated
by a single coupled fluid. As is shown in the bottom panel
of Fig. 1, the peak value of bulk viscous pressure IT is of the
order of IO‘IPZ. Thus, the impact of bulk viscous pressure
IT on the cosmological background is negligible compared
with the pressure density of GDM.

C. Perturbations

Throughout the paper, we work in Newtonian gauge as is
commonly used in numerical implementation, and our
notation is followed from Ref. [66]. We are interested only
in scalar perturbations which are described by two poten-
tials ¢ and y and the line element is

1072 f—— my = 1076 GeV —
) P -
— my =107"GeV /’/f" ~~~~~ =
my = 10~ GeV
1074
<
~
::X
110 |
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z
FIG. 1. The ratio of negative bulk viscous pressure density to

DM energy density —I1,/p, (top panel); The ratio of negative

bulk viscous pressure density to DM pressure density —IL,/p,
(bottom panel).
ds* = a®(7)[—(1 + 2w)dz* + (1 = 2¢)dx;dx'],  (10)

where 7 is the conformal time. We denote derivatives with
respect to 7 by a dot. The pressure and energy density can
be split into homogeneous background and small fluctua-
tions, i.e., P=P+ 6P and p = p+ 6p. In conformal
Newton gauge, the continuity and Euler equations for
the fluctuations of fluid read [66]

5= —3H<i—§—w>5— (1+w)(0—-3¢), (11a)

i 5P /s,
g ORI a5 g 4 12y,
I+w I+w

0 =—H(1—-3w)0 —
(11b)

with k the comoving wave number, ¢ the shear stress, 6 =
&p/p the density perturbation, and 6 the velocity dispersion.
The total entropy perturbation is defined as

oP
SEH(P—QP)'

P

(12)
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In this work, we consider only isentropic perturbations, i.e.,
S = 0. In this case, the adiabatic sound speed is written as

, 6P P

;s =—=—. 13
T (13)

Given the EoS [see Eq. (8)], we get immediately the sound
speed of DM:

, _5P_P,(szTx<1

“0 =% 5, m

1dInT,
L) (14
3 dlna> (14)

The sound speed and EoS of DM are of the same order,
meanwhile, the relationship between the two is written as

W, = 3(1+w,)(w, = c3,) JH. (15)

Substituting Egs. (14), (15) into Eq. (11) we get the
equations that collisionless DM obeys in a spatially flat
Universe. With the addition of DM-y collisional term, these
equations become

8, = =(1+w,)(0, —3¢) = 3H(c%, —w,)3,, (16a)
. czmk2
9)( = —H(l - 36‘?&))9)( _|_ 1S+ " 5)( —|— kzl// — R/,t(ex - 9},),
X

(16b)

where R =4p,/3p,, 0, and 0, are velocity dispersion for
photon and DM, respectively. The last term in Eq. (16b) is
the collisional term, which is nonzero only in the presence
of DM-y interactions. Note that we have not taken into
consider the presence of shear stress ,,. The introduction of
DM-y interaction changes both the Boltzmann equations
for DM and photons. Assuming that the DM-y scattering
amplitude has the same angular polarization dependence as
the Thomson elastic scattering cross section, we can add
the DM-y collision term in the equations governing the
evolution of the photon fluid additional to Thomson
interaction. Thus, the decomposed Boltzmann equation
for photons augmented by a new interaction term (see
detailed derivations and higher orders of the Legendre
polynomial decomposition of the energy distribution for
photons in Ref. [40]), written as:

. 4 )
5, = =36, +49. (17a)

: 1 . .
0, =k <Z5y —oy> K2y +k(0,—-0,) +(0,-6,), (17b)

where k is the Thomson scattering rate defined as k =
an,ory,, with n, the electron number density and o, the
Thomson scattering cross section.

The initial conditions for the isentropic perturbations in
the conformal Newtonian gauge are written as:

40C 3
b= =2 5, =28
rTTAs 4R, Tyt

1, 1,
O =0 = T5yar, K =3 Ko
20C 2

Where the functions y, ¢p represent metric perturbations in
the conformal Newtonian gauge, and C is arbitrary dimen-
sionless constants. Note that the neutrino energy fraction R,
is nonzero only in the presence of neutrinos. See detailed
derivations and discussions in Ref. [66]. Note that these
initial conditions are valid since the DM are nonrelativistic
when all modes of interest enter the comoving horizon.

III. PHENOMENOLOGY

In this section, we discuss the impact of DM-y interaction
on cosmological observations at both background and
perturbation levels. The effect of DM-y scattering on
CMB and matter power spectrum (captured by the parameter
u,_,) have been elaborately discussed in previous works
[39,40]. Whereas, in this work we focus on the influence of
EoS of DM (captured by the parameter m,,). As is discussed
in Sec. II A, DM decouples from DM-y plasma in radiation-
dominated era. Before the decoupling, the temperature of
DM is equal to that of photons which evolves as a~!, during
this epoch, the EoS of DM is determined mainly by its
masses rather than Uy_y, which allow us to study character-
istic imprints of m, on the CMB power spectra. At early
times, the kinetic energy of DM particles is non-negligible
and can be effectively be viewed as an “extra” energy density
component (compared with the cold DM scenario) which
alters the expansion history in the early universe. The DM-y
scattering cross section is much smaller than the Compton
scattering cross section, hence, the DM-y decoupling is
much earlier than the last scattering. Moreover, the temper-
ature of DM dissipates quadratically after the DM-y decou-
pling. Consequently, the temperature of DM is sufficiently
low that after the last scattering, which enables us to neglect
the impact of DM pressure on the late-time growth faction
D(z) and growth function f(z) = dInD(z)/dIna.

A. Impact on the matter power spectra

To quantify the impact of EoS of DM on matter
perturbations, we fix u,_, at 107%, In this case, DM
decouples from photons earlier than the modes of interest
enter the comoving horizon, thus, the small-scale suppres-
sion by collisional damping [39] can be neglected. The
small-scale modes evolve within the linear regime at early
times and start evolving nonlinearly during the matter
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domination. As is discussed previously, the EoS of DM is
negligible after last scattering,2 and thus has no impact on
the evolution of perturbation in late (nonlinear) regime.
Consequently, we only consider its influence on the linear
matter power spectrum.

To give a clear view, we separate the modifications to
ACDM model into the “background” part, the “perturba-
tion” part and their combinations. By background, we mean
that only the modifications to background quantities are
considered, e.g., p, and P,, meanwhile, the equations
governing the perturbations are identical with that of
ACDM model, ie., §, =0, + 3¢, 0, =—H0, + Ky
[66]. Accordingly, perturbation means that the background
quantities are the same with that of the CDM scenario, while
only the modifications to the continuity equation [Eq. (16a)],
Euler equation [Eq. (16b)], and Boltzmann equations for
photons [Eq. (17)] are considered. We obtained u,_, <
1.58 x 10~ and m, > 0.87 x 10~ GeV by fitting with the
Planck data (see Sec. V). Accordingly, we choose u,_, =
107* and m, = 107 GeV to illustrate the impact of DM-y
scattering (captured by u,_,) and EoS of DM (captured by
m,,). To isolate the impact of the parameter m,, we choose
U,_, = 1076 so that its impact on matter power spectrum is
negligible. As can be seen in the top panel of Fig. 2, the most
prominent feature is the suppression on small-scale modes
which exacerbates with the deceasing of m,,. This suppres-
sion can be attributed to the reduction in the gravitational
potential ¥ = y (see Fig. 3). For small-scale modes which
enter the horizon during the radiation-dominated era, its
potential starts to decay and oscillates after decaying. With
the presence of “extra” pressure density P, (which is
inversely correlated with m, ), the decay is even more rapid

(‘i‘ decreases).

At the perturbation level, we can see a similar suppression
on the small-scale modes. Compared with the background
effect, the unset of the suppression is extrapolated to even
smaller scales. We have also included the matter power
spectrum with u,,_,, fixed at 10~* as a comparison. As can be
seen in the top panel of Fig. 2, the increase in DM-y
scattering with photons (form u,_, = 107° to u,_, = 10™)
have negligible influence on the spectra at the background
level. At perturbation level, owing to the delay of DM-y
decoupling with the increase of u,_, (Gge o u}{g) the
suppressions on small-scale modes are aggravated.
Meanwhile, due to the increase in temperature of DM,
one can see a more clear feature of acoustic oscillations in
the matter spectrum (see Eq. (13) and discussion
in Ref. [40]).

*We show in Sec. V the Planck constraints on DM masses and
u,_,. If we set m, to the lower limit (10~° GeV) and u,_, to the
upper limit (1.6 x 10™*), then the temperature and EoS of DM at
last scattering reads: 7,,(z,) ~ 10* K and w,(z,) ~ 107°.

e
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FIG. 2. The effect of m,[GeV] on matter power spectrum at

the background level (top panel), perturbation level (middle
panel), and the combined results are shown in the bottom
panel The dashed line correspond to the spectrums with
u,_, = 107°, and the dotted line correspond to the spectrums
with u,_, = 1074,

The amplitude of spectrum at small scales is efficiently
captured by the parameter og, which gives the fluctuations
of mass within the spheres of radius 84! Mpc. In this
light, we use dog/0g (or equivalently 6Sg/Sg) to quantify
the small scale suppression. When DM-y scattering cross
section is sufficiently small, i.e., u,_, < 1079, the inferred
value of oy is reduced by 0.5% for m, = 10 keV and 3%
for m, = 1 keV. In the presence of considerable DM-y
scattering (u,,_, < 10~%), the inferred value of oy is reduced
by 5% form, 2 1 MeV (w, ~ 0), while the reduction reach
to 6% for m, =10 keV and 11% for m, =1 keV. We
show in Fig. 4 that the larger u,_, the smaller inferred value
of Sy =03(Q,,0/ 0.3)%, meanwhile, Sg decreases with the
decrease of m,. The same is true for the combination
f(z)og(z) = fog(z), as can be seen in Fig. 4.
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The effect of GDM on the evolution of scalar potentials ¥ =y at k = 0.02h Mpc™! and k = 0.12 Mpc™', respectively.

AY = PACDM _ WODM 5 the relative change in the W with Planck best-fit ACDM model as baseline. We separate the effect into
background and perturbation parts, while m, is fixed at 1077 GeV.

B. Impact on CMB spectra

In this section, we discuss the impact of DM-y on the
CMB anisotropy spectrum with the standard cosmological
parameters kept fixed at Planck 2018 best-fit values. We
start our analysis by investigating the key observables. As is
shown in Fig. 1, GDM occupies a non-negligible fraction in
the early universe, which shifts the matter-radiation equal-
ity scale and further affects the position and amplitude of
the acoustic peaks in the angular power spectrum. While a
change in the expansion history of the universe H(z) alters
the comoving sound horizon r(z,) and angular diameter
distance D 4 (z,) at last scattering surface, which determines
the acoustic scale 6, of the pecks. However, our results
suggest that within the scenario of GDM none of the above
effects have considerable impacts on the shape of angular
power spectrum. As is discussed in the previous section, the
EoS of DM is consistent with zero (w, < 107) after last
scattering, and thus does not affect the late-time expansion
history and D,(zx). Although the increase of energy
density for DM component (Appy = p, — pcpm) does
reduce the sound horizon r(z,), we show in Fig. 5 that
the reduction is negligible (Ar; < 1073) unless the mass of
DM is sufficiently small (m, < 1077 GeV). Hence, the
spacings between the acoustic peaks are preserved. Also,
the shift in z,, is sufficiently small (Azqq ~ 107%), and thus
should not be counted as the main contribution to the
relative differences.

To distinguish the impact of GDM on CMB angular
power, the modifications to the ACDM model are separated
into background and perturbation part (see Sec. III A for the
details of the separation method).

®

(i)
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In the background part, the main contribution for
changes in C,’s is the alteration in the monopole part
of the perturbation, which free-stream into higher
multipoles after last scattering, i.e.,

O (g) = [y (1.) + P (n.))jo (k1o = 1.)).
(19)

with 7y, . the conformal time at present and last
scattering, respectively; and ©, « §,. Note that the
monopole is the dominant contribution to the C,’s at
small scales (see Ref. [67] for a detailed discussion).
Apart from the effect on free-streaming monopole,
the changes in the time evolution of ¥ also affect the
angular power spectrum through the early integrated
Sachs-Wolfe (eISW) effect [68,69]. The remanent
pressure of the GDM reduces the decay of gravita-
tional potential around recombination scale . ~
1073, ie., A¥Y > 0 (see Fig. 3), which leads to a
depletion in the angular power spectrum on multi-
poles 50 < # < 500 [70]. As can be seen from the
top panel of Fig. 6, the most prominent feature is the
damping of the first peak compared with the angular
power spectrum obtained in the ACDM model.

In the perturbation part, the trend of the evolution of
AVY is opposite to the case of the background part.
Form the last panel of Fig. 3, one can notice a
enhanced decay of the gravitational potential ¥ at
a > 107, This leads to a scale-dependent enhance-
ment of the eISW effect, i.e., a increment in the
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FIG. 4. The Sg values calculated in the GDM model as a
function of m, are shown in the top panel, and f(z)og(z)
calculated in the GDM model are shown in the bottom panel.
The horizontal band in the top panel corresponds to the DES-Y 1
constrains on Sg, i.e., Sz = 0.773f8'8§8. The dotted line show
the value calculated in the Planck best-fit ACDM model. One
should note that all 63 observational fog . (z) RSD data points
collected by Ref. [63] are obtained assuming the fiducial ACDM
cosmology. Thus, the Alcock-Paczynski (AP) effect [64] should
be taken into account. In the present paper, we approximate the

AP effect as [65]: fogap(z) =~ W%fa&obs(z), where

H"(z),D(z) are calculated based on the fiducial ACDM
model, while H(z), D,(z) are calculated in the GDM model.

angular spectrum around the first acoustic peak (see

the middle panel of Fig. 6).
We show in Fig. 7 the relative deviation of GDM scenario
from the base-line Planck 2018 ACDM model. Comparing
the relative deviation spectrum at background and pertur-
bation level, one can notice phase displacement of the two
patterns, while the combined results are the reductions of
odd acoustic peaks and the boost in even peaks of the
angular power spectrum (compared with ACDM model).
Meanwhile, the deviation increases with the decease of m,,,
which indicates the CMB data alone is able to constrain
DM masses.
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0.0000
5
= . —0.0005
=
E
<, —0.0010
|
2 —0.0015
T w
= ——— Uy =107
—0.0020 — Uy =107°
...... u%X:]o*‘i
—0.0025 = L L PR 1 L L P
1077 106 105
my [GeV]
FIG. 5. The difference between the r((z,) calculated in
GDM model and in ACDM model, ie., (r$PM(z,)—

rpPM(2.))/rdPM(z.).

IV. STATISTICAL METHODOLOGY AND
DATASETS

We implement the GDM scenario as modifications to the
publicly available Einstein-Boltzmann code CcLASS [71,72]
package. The nonlinear matter power spectrum required by
redshift-space distortion (RSD) likelihoods are computed
using the “HMcode” [73—75] implemented in CLASS. The
MCMC analyses are performed using the publicly available
code COBAYA [76] package with a Gelman-Rubin [77]
convergence criterion R — 1 < 0.05. The plots have been
obtained using the GetDist [78] package. The following
datasets are considered in the MCMC analyses:

A. CMB

We employ the Planck 2018 low-¢ TT + EE and Planck
2018 high-# TT + TE + EE temperature and polarization
power spectrum [3]. To marginalize over nuisance param-
eters, we use the “lite” likelihoods. These datasets are
referred to as “Planck”. We have also considered the Planck
2018 lensing power spectrum [79].

B. Hubble constant

The most recent SHOES measurement indicates that
Hy,=73.2+ 1.3 [80], indicating a tension at ~4c with
the Planck [2] value of Hy=67.4£0.5 assuming a
minimal ACDM model.

C. LSS

We consider the LSS datasets to probe the low-redshift
universe, which include:

(i) BAO & RSD: SDSS BOSS DR12 [5] measurements

of the BAO signal and fog(z), at z = 0.38, 0.51 and

0.61. We include the full covariance of the joint

BOSS DR12 BAO and RSD data (denote as BAO).
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FIG. 6. The temperature angular power spectrum calculated in
GDM scenario with modifications to ACDM model separated
into background part (top panel), perturbation part (middle
panel), and their combinations (bottom panel). Noting that
u,_, is fixed at 107

(ii) Weak lensing: We consider the tomographic weak
gravitational lensing analysis of the Dark Energy
Survey (DES-Y1) [4], the Kilo Degree Survey
(KV450) [19,20] and Subaru Hyper Suprime-Cam
(HSC) [21]. Following from Ref. [81], the like-
lihoods for these datasets are not implemented
directly. Instead, we approximately include their
effect via priors on Sg. These experiments yield Sg =
0.7700 012 when combined with inverse-variance
weights [81].

we consider as base-line a 7-dimensional parameter space
described by the following parameters: the Hubble constant
H,, the baryon density Q,h? the dark matter energy
density th2, the scalar amplitude A;, the spectral index
n,, the cross section to mass ratio u,_, and the dark matter
masses m,. Uniform priors are assumed for all these
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FIG.7. The relative difference between the temperature angular
power spectrum calculated in the GDM model and in the ACDM
model, (CFGPM _ CTTACDMy /e TEACDM “The modifications to

the ACDM model in the GDM scenario are separated into
background part, perturbation part and their combinations. The
relative difference with m,, fixed at different values are presented

in separate panels.

parameters. In the base-line scenario we assume the mass
of neutrinos m, = 0.06 eV and the effective number of
neutrinos Nyg = 3.046° and the reionization optical depth
Treio = 0.054. We set u,_, > 5 x 1077 (agec 2 107°) so that
the DM-y decoupling have detectable imprints on the CMB.
For ag. < 1075, one has m, 2 O(10) keV so that DM
enters equilibrium with photons (aqy,) When it has already
become nonrelativistic, i.e., n, 3> T (deqm) > T(Ggec)-

The GDM is fully nonrelativistic when modes of interest enter
the comoving horizon, and thus does not contribute to the
effective number of neutrino species Ng. Meanwhile, allowing
N to vary does not have a significant effect on our conclusions.
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TABLE 1.

The the mean =+ 106 constraints on the cosmological parameters and derived parameters in ACDM model (second column)

and GDM model, as inferred from the combination of the Planck 2018 low-£ TT + EE and high-#Z TT + TE + EE power spectrum; the
SHOES prior on H; the Sg prior derived from combined LSS datasets; the joint BOSS DR12 BAO and RSD data. Upper and lower
bounds correspond to the 68% C.L. interval. When only upper or lower limits are shown they correspond to 95% C.L. limits (in this case
the 68% C.L. intervals are enclosed in brackets).

Dataset Planck Planck + lensing Planck + SHOES Planck + Sg Planck + Sg + BAO
Ss 0.81910025 0.8087001 0.797+9026 0.785 +0.017 0.787 +0.016
logo(m,/GeV) >-5.06 >-5.07 -5.00 >-5.06 >-5.07
u,_, <155 <1.90 <172 <2.39(1.201082) <220(1.1505%)
H, 67.59 +0.55 67.817038 68.46 + 0.57 67.99 £ 0.56 68.0170%
Q,n? 0.02243%0%16 . 0.0225 +0.00014  0.02259 £ 0.00014  0.02252 + 0.00014 0.0225 + 0.00014
Q.hn? 0.1198 £ 0.0013 0.119310%12 0.1179 £ 0.0013 0.1193 £ 0.0015 0.119273013
log(10'°A;) 3.07710913 3.0765 + 0.0055 3.0739 + 0.0066 3.0769 + 0.0063 3.0760 + 0.0067
ng 0.9667 +0.0041  0.9677 & 0.0042 0.9717 £ 0.0041 0.9690 =+ 0.0040 0.9692:06033
e 1014.6 + 6.7 1024.7 + 4.1 10333+ 4.3 1020.0 + 7.7 1027.1 +£9.6

TABLE II. The the mean +1¢ constraints on the cosmological parameters and derived parameters in GDM

scenario with different priors on u,_,. Upper and lower bounds correspond to the 68% C.L. interval. When only

upper or lower limits are shown they correspond to 95% C.L. limits.

Parameter ACDM u,—, >107° u,, > 107 u,, > 1074

S 0.837016 0.819%957% 0.8175017 0.790%5017

logo(m,/GeV) >-5.06 >-5.05 >—4.99

,_, : <1.55 <1.59 <2.04

H, 67.6510% 67.59 +£0.55 67.55+£0.58 67.505 0%

Q,h? 0.02241 +£0.00017  0.02243 £0.00016  0.02243 £0.00015  0.02246 + 0.00016

Q. 0.1198 £ 0.0013 0.1198 £ 0.0013 0.1199 £ 0.0014 0.12057 901

log(10'04;) 3.07507 -099 3.07759013 3.0779 0868 3.07821 09080

ng 0.9663* 05047 0.9667 £ 0.0041 0.9663 + 0.0042 0.9667 + 0.0042

X lanck 1016 + 23 1014.6 + 6.7 10152+ 6.7 1018.2 + 4.1

V. RESULTS AND DISCUSSIONS u,, < 1.55x 10~*. This limit is comparable with the

In this section, we fit the GDM model to different
combinations of the above datasets and discuss the
obtained results. In Table I we report the constraints at
68% C.L. on the standard cosmological parameters and
some key derived quantities for several datasets combina-
tions, when only upper (lower) limits are shown they
correspond to 95% C.L. limits. The constraint obtained
from the Planck 2018 datasets with different priors on u,_,
are given in Table II. The triangular plot with the 1D
posterior distributions and the 2D contour plots for these
parameters are shown in Figs. 8 and 9.

A. Results based on Planck

To compare with previous work, we start by analysing
the Planck 2018 datasets. The results obtained from Planck
2018 low-Z TT + EE and Planck 2018 high-¢ TT + TE +
EE are shown in the first column of Table I. We find a
95% C.L. upper limit on the DM-y scattering cross section

10

result u,_, < 1.58 x 10~* at 95% C.L. obtained from
Planck 2015 TTTEEE + lowTEB datasets [82], which
are derived in Ref. [40]. The derived value of Sg =
0.80870922 in GDM model is smaller than that of
ACDM model due to the effect of collisional damping
discussed in Ref. [39]. When added with Planck lensing
datasets, we find that the upper limits on u,_, are slightly
increased while the inferred value of Sg is mildly reduced,
ie., u,_, < 1.90 x 10~* and Sy = 0.8081 (777, respectively.
As can be noticed in figure, a slight upward shift on u,_,
corresponds to a larger DM-y decoupling scale. Thus,
the onset of collisional damping is extrapolated to larger
scale which leads to smaller inferred value of Sg.
Meanwhile, we find the same 95% C.L. upper limit on
the dark matter mass with and without lensing dataset,
ie., m,>5.06x 10" GeV, suggesting that within the
GDM scenario the smallest allowed dark matter mass is
roughly 10 keV.
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B. Including SHOES

To test the potential of the GDM scenario in relieving
the H tension, we conduct the joint analysis of SHOES +
Planck datasets, i.e., applying a Gaussian H|, prior in
the fit of Planck data. In this analysis, one would expect
a significant shift of the best-fit H, value as long as the
extra parameters in GDM model (u,_,, m,) degenerate
with H,. However, this is not the case, i.e., H, only shifts
very slightly and tensions with SHOES remain at 2.56¢.
From the contours in Fig. 8 we do not see a clear
degeneracy of H, with any given parameters.
Consequently, the GDM scenario does not relieve the
H, tension.

C. Including LSS datasets

As is discussed in previous sections, there is a 1 ~ 30
tension between the value of Sg predicted within ACDM
with parameters fit from the CMB, and the value of Sg from
more direct measurements of LSS. The DM-y interaction
suppresses the small-scale modes via both the reduction in
free-streaming monopole (®y(7,) + ¥(#,)) and diffusive
damping. Thus, it’s natural to think of the GDM scenario as
a viable candidate to restore the Sg (og) tension. The results
of the joint analysis of Planck + LSS are shown in the last
two columns of Table I. When added with a prior on Sg
derived from joint LSS analysis, we find a 1o detection of
scattering between DM and photons and a larger upper

Bl Planck
I Planck+lensing
B Planck+Ss
B Planck+S3+BAO
0.98¢ B Planck+H,
< 0.97¢
0.96¢
T0r
T 68
. 0.0225
<
]
0.0215
~  0.120
=
-~
G 0.115
— =2
-~
£
Y
~2[
T
=
1 |
- {
[
0.85¢
7N\ AN
& 0.80F ¢ )» )
0.5
3.07 0.96 0.98 68 70 0.022 0.12 —4 =2 1 2 0.75  0.85
log(10'0 Ay) ng H, Oh? Qh? log(m,) 100,y Ss

FIG. 8.

Constraints on cosmological parameters in the GDM scenario from the Planck 2018 low-£ TT + EE and high-Z TT +

TE + EE power spectrum; Planck 2018 lensing datasets; the SHOES prior on H; the Sg prior derived from combined LSS datasets; the
joint BOSS DR12 BAO and RSD data. The contours show 1o and 20 posteriors for various dataset combinations.
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FIG.9. Constraints on cosmological parameters in GDM scenario with different priors on u,_, from the Planck 2018 low-£ TT + EE
and high-Z TT + TE + EE power spectrum; The contours show 1o and 2¢ posterior distributions.

limit of the cross section to mass ratio, i.e., u,_, =
1201085 x 107* at 68% C.L. and u,_, < 2.39 x 107 at
95% C.L. Meanwhile, the best-fit S5 = 0.785 4 0.017 from
the joint analysis closely matches the given Sg prior, which
suggests that the cross section to mass ratio u,_, are highly
degenerate with Sg. The addition of BOSS DR12 BAO and
RSD (fog) data have little impact on the fitting results. In
conclusion, the interaction between DM and photons helps
to reduce Sy and thus is a possible solution to the Sg
tension.

D. Prior dependence

As is discussed in previous sections, the parameter m,
can be constrained by CMB through its impact on the EoS

of DM. However, the EoS of DM is also dependent on u,._,
which sets the decoupling scale (a4..) of DM-y interaction.
An obvious concern is whether the constrain on m, from
CMB is dependent on the choice of u,_, prior. To account
for that, we perform the fit to CMB datasets with different
prior imposed on u,_,, i.e., the lower limit of the uniform
prior ranges from 10~* to 1076. The posterior distributions
are shown in Fig. 9 and the parameter constraints are
tabulated in Table II. It’s obvious to see that, the different
choice of u,_, priors have negligible impact on the
constrains on m, as well as other cosmological parameters,
except for the best-fit value of Sg. As can be seen in the last
column of Table II, owing to the effect of diffusive damping
the inferred value of Sy is significantly reduced if we set the
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lower limit of u,_, to be 107, In summary, the mass of DM
can be constrained independently of u,_,.

VI. CONCLUSIONS

The effect of DM-y interaction are usually parametrized
by the dimensionless quantity u,_, in former researches
[39,40]. In this work, we investigate this scenario with an
extra (new) parameter m1,, i.e., the masses of DM particles,
which allows us to study the temperature evolution of DM
(T,) as well as its EoS (w,). This scenario are often
refferred to as generalized dark matter (GDM). We have
also studied the distinctive imprints of GDM on the matter
power spectra and CMB temperature power spectra at both
background and perturbation levels. These distinctive
imprints allow us to set a lower limit on m, within this
scenario. Due to the different cooling rates of DM and
photons, the background bulk viscous pressure arises
during the epoch of DM-y decoupling. However, the bulk
viscous should only be counted DM and photons are treated
as a single fluid. Our analysis suggests that, the peak value
of bulk viscous pressure II is of the order of IO_IPX and
thus have negligible impact on the background evolution of
the universe.

We have modified the Boltzmann code CLASS to include
the EoS of interacting DM, and use the COBAYA packages to
perform the MCMC analysis. In the fit of Planck 2018 data,
our numerical result yield comparable upper limit on u,_,
with previous works, i.e., u,_, < 1.58 x 10~*. Also, one
can effectively use Planck data to restrict the mass of DM
particles. The restriction is robust against different priors on
u,_,. By fitting with the Planck 2018 data alone we find
m, > 8.7 keV at 95% C.L., while the inclusion of other
observational datasets does not significantly shift this
result. To test whether the GDM scenario restores the
cosmic concordance, we perform the joint analysis of
SHOES + Planck datasets. The result suggests that H
only shifts very slightly and tensions with SHOES remain at
2.56. This is understandable since the pressure of GDM has
an effective presence only at very small scales and thus has
negligible impact on r,(z,) and the expansion history after
last scattering. Consequently, the GDM scenario is not
likely to relieve the H, tension nor do the bulk viscous
pressure which arises during the epoch of DM-y decou-
pling. The most prominent feature in the GDM scenario is
the suppression in small-scale modes due to both the
reduction in free-streaming monopole and the diffusive
damping. When performing the joint analysis of Planck +
LSS datasets, the best-fit Sg = 0.785 4+ 0.017 closely
matches the given Sg prior. In summary, the GDM scenario
should be counted as a viable candidate to restore the Sy
(og) tension.
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APPENDIX: BULK VISCOUS

We follow the key steps of the derivation in Ref. [61].
The coupled DM-y fluid is assumed to be at equilibrium at a
certain time 7, thus

T(ny) = Ty(ﬂo) = T;((Wo)’ (Ala)

P(ng) = P, (no) + P, (no). (Alb)
with P, = n,kgT,, p, = 3n,kgT, the pressure and energy
density of photons, respectively. During a subsequent time
interval .., each component follows its own internal perfect
fluid dynamics. Due to the different cooling rates of the
components, there occur temperature differences between
DM and photons AT =T, — T,, which is expressed as:

oP,/OT  OP,/dT
- A2
dp,/OT ~ 0p, /T )’ (A2a)

T,-T,= —3HTCT<

opP,/OT  ap/OT
- A2b
dp,]OT ap/aT) - (A2)

T,~T= —3HTCT<

oP,/0T  9P/oT

g dp, /0T ~ ap/aT>' (AZe)

X

T = —3HTCT<

The temperature difference terms give rise to a bulk
viscous pressure 11, i.e.,

P,(n,T,)+P,n, T, =PnT)+IL

XX

(A3)

By definition IT = —3H¢ with the bulk viscous coefficient
£ is given by

el (2 00) (0700

e dp, Op)\9p, Op
_ nkgT  n, (AS)
° 3 2n,+n,’

Noted that 7z, is defined as the time interval between the
current collision and the next DM-y collision, after the last
collision (when the two fluids decouples from each other)
7. should approach to zero. Conversely, when the two
fluids are tightly coupled, z,. should also approach to zero.
According to Eq. (A2), we can parametrize 7, as:
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(A6)

with x = log(a/ag..) and o(x) = 1/(1 + e™) the sigmoid
function. After DM-y decoupling (a > agy..) one has 7. ~ 0.
Here we have replaced T with T, according to the
assumption of radiation dominance. Inserting 7. into
Eq. (AS), the emergent bulk viscous can be expressed as:

Il = —3HE = n,ky(T, = T,)o(x),

% (A7)

1
2404
where § = n,/n, ~2.9/m,[eV/c?]. According to Eq. (A2),
we can obtain the following relationship:

op, 1
(T, =T) 5 = 55mks(T, = T)olx) = T (A8)
(T, —T)a;; 2i5 nks(T, = T,)o(x) = 201 (A9)

Accordingly, the sum of the fluid pressures can be
expressed as

P,(T,)+P,(T,). (A10a)
=P,(T)+P,(T)+(T,- T)%%JF(TX—T)%, (A10b)
=P,(T)+P,(T)-11+2I1 = p(T) +1I, (A10c)
=P,(T,) + P,(T) + 2IL (A10d)

The bulk viscous arises as the DM temperature T, drops
below the equilibrium temperature 7 ~7T,. Comparing
Eq. (A10a) and Eq. (A10d) we obtain

P

(T

) = P,(T) +2IL

(A11)
This indicates that the (negative) bulk viscous pressure I1
can be viewed as a correction to overestimated DM
pressure P,(T) when the two fluids are approximated by
a single coupled fluid during a short period (z,.).
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