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Cosmological constraints on thermal friction of axion dark matter
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In this paper, we investigate the process in which axion dark matter undergoes thermal friction, resulting
in energy injection into dark radiation, with the aim of mitigating the Hubble tension and large-scale
structure tension. In the early Universe, this scenario led to a rapid increase in the energy density of dark
radiation; in the late Universe, the evolution of axion dark matter is similar to that of cold dark matter, with
this scenario resembling decaying dark matter and serving to ease the large-scale structure tension. We
employ cosmological observational data, including cosmic microwave background, baryon acoustic
oscillation, supernova data, H, measurement from SHOES, and Sg from the Dark Energy Survey Year-3, to
study and analyze this model. Our results indicate that the thermal friction model offers partial alleviation
of the large-scale structure tension, while its contribution on alleviating Hubble tension can be ignored.
The new model yields the value of Sg is 0.795 £ 0.011 at a 68% confidence level, while the ACDM
model yields a result of 0.8023 & 0.0085. In addition, the new model exhibits a lower y2, value, with a
difference of —2.60 compared to the ACDM model. Additionally, we incorporate Lyman-a data to
reconstrain the new model and find a slight improvement in the results, with the values of H, and Sg being

68.76f8;§’59 km/s/Mpc and 0.791 +0.011 at a 68% confidence level, respectively.
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I. INTRODUCTION

In recent years, an increasing number of observational
facts have shown inconsistencies with the predicted results
of the ACDM model, notably the Hubble and large-scale
structure tensions, which may indicate the presence of
new physics beyond the standard cosmological model.
The Hubble tension refers to the discrepancy between the
predicted value of the Hubble constant, H,, from the
ACDM model and the observed value [1,2]. The Planck
2018 CMB data yielded a result of 67.37 +0.54 km/s/Mpc
[3], whereas the SHOES measurement obtained via the
distance ladder method at low redshifts resulted in a value
of 73.04 + 1.04 km/s/Mpc [4], with a statistical error
of 4.80.

The large-scale structure displays a moderate level
of tension with CMB, typically quantified by Sg=

osv\/(2,,/0.3), where og represents the amplitude of
density perturbations, and Q,, denotes the matter density

fraction. The Planck 2018 best-fit ACDM model yields a
value of 0.834 - 0.016 for Sg [3]; however, observational
results from large-scale structure surveys such as the Dark
Energy Survey Year-3 (DES) suggest a lower value of
0.776 £ 0.017 [5].
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Various models have been proposed to address these
inconsistencies. Common ones include modifying dark
energy, including dynamic dark energy [6-8], vacuum
phase transition [9-11], early dark energy [12-14], and
interacting dark energy [15-20]; modifying dark matter,
including partially acoustic dark matter [21], decaying dark
matter [22-28], interacting dark matter [29], and axion dark
matter [30]. In addition, modification of the gravitational
theory is also considered [31-34].

In this paper, we focus on the interaction between dark
matter and dark radiation. We investigate this interaction by
substituting cold dark matter with axion dark matter, and
examine the problem from the perspective of scalar field
theory. We consider the impact of additional thermal
friction on axion dark matter, which injects energy into
dark radiation and alters the evolution equations in the
original model of axion dark matter.

Axion dark matter is a potential candidate for dark matter,
which can form Bose-Einstein condensates on galactic
scales, altering the dynamics of dark matter on small scales
while maintaining the success of cold dark matter on large
scales [35]. In this paper, we investigate the model of ultra-
light axion dark matter, with a mass m, approximately at
10722 eV. This particular dark matter model has been
extensively studied in previous works [36-38].

Figure 1 presents the influence of axion mass on the
matter power spectrum. We keep other cosmological
parameters fixed and consistent with the ACDM model.

© 2023 American Physical Society
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FIG. 1. The impact of axion mass on the matter power

spectrum. On large scales, axion dark matter behaves similar
to cold dark matter, while on small scales, it exhibits decreased
clustering due to condensation. The smaller the axion mass, the
more pronounced this effect becomes.

On large scales, the evolution of axion dark matter is
similar to that of cold dark matter. However, on small
scales, the condensation effect of axion dark matter inhibits
structure growth, resulting in a smaller matter power
spectrum than that predicted by the ACDM model.
Furthermore, this effect becomes more apparent as the
axion mass decreases.

In the early Universe, the axion field was frozen due to
Hubble friction. As the Universe cooled and the Hubble
parameter decreased, the axion mass became comparable
to the Hubble friction, causing the axion to start rolling
and subsequently oscillating near the minimum of its
potential. After the axion potential and kinetic energies
reach equilibrium, its energy density evolves like that of
matter [18,19].

We extend the axion dark matter model by proposing the
dissipative axion dark matter (DADM) model, which takes
into account the coupling between axion and non-Abelian
gauge group. This results in scalar field experiencing thermal
friction beyond Hubble friction, transferring energy to the
dark radiation composed of dark gauge bosons.

The thermal friction effect of axion has been studied
in the context of warm inflation [39—43], late-time dark
energy [44,45], and early-time dark energy [46,47]. In this
study, we apply it to the realm of axion dark matter.

We constrained the parameters of the DADM model
using a combination of various cosmological datasets,
including cosmic microwave background (CMB), baryon
acoustic oscillation (BAO), supernova data (SNIla), H
measurement from SHOES, and Sg from the Dark Energy
Survey Year-3 (DES).

The results indicate that the new model yields the value
of H that is close to the result obtained from the ACDM

model, while the Sg in the former is smaller than in
the latter. The DADM model yields the value of Sy is
0.795 £ 0.011 at a 68% confidence level, while the ACDM
model produces a result of 0.8023 + 0.0085. This suggests
that the thermal friction model can alleviate the Sg tension.
Additionally, the DADM model demonstrates a lower yz,
value, differing by —2.60 compared to the ACDM model.

In the analysis of the constraint results, we discovered
that the utilization of only the aforementioned five datasets
is insufficient to constrain the mass of axion dark matter.
Therefore, we fixed the mass of the axion dark matter to be
10722 eV and incorporated Lyman-a data to re-constrain
the new model. The results show some improvements,
with values of H, and Sg being 68.76"53 km/s/Mpc and
0.791 £0.011 at a 68% confidence level, respectively.

The present paper is structured as follows. In Sec. I, we
present the thermal friction model, deduce the evolution
equations for both the background and perturbation, and
provide the corresponding initial conditions. Section III
presents the numerical analysis, including the effects of the
model on the background and perturbation levels. In
Sec. IV, we describe the data constrained by Markov chain
Monte Carlo (MCMC) analyses and provide the results.
Finally, in Sec. V, we discuss the findings and offer a
conclusion.

II. THERMAL FRICTION MODEL

We extend the Standard Model by introducing a dark
non-Abelian gauge group and axion field y. The dark gauge
boson couple to the axion via the operator,

a y -
Lo = o Pi P (1)

where F4, (Fy = e F o) represents the field strength of
the dark gauge boson, a is the fine structure constant, and f
denotes the strength of the interaction between axion and

the dark gauge field. We consider a simple quadratic
potential for the axion,

Vi) =5 my’, (2)

while various forms of axion potential have been studied in
previous works [48,49], which can be effectively repre-
sented by this quadratic potential [37]. We assume that
these two dark sector components interact with other
components only through gravity. The conservation of
energy-momentum tensor holds for two components,

VT = -V, T (3)
Using the results from [47,50], we have

V. To = ¢ (=Y04:9,200%), (4)
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where o/}, represents the four-velocity of the dark radiation.
The thermal friction coefficient Y is expected to be
correlated with the temperature of dark radiation [51-53].
However, in this paper, we treat Y as a constant for
simplicity and restrict our analysis to the case of weak
thermal friction. Investigation of more complex scenarios is
left to future work.

A. Background equations

The background evolution equations for the axion dark
matter and dark radiation can be derived using Eq. (4),

¥+ BH+Y)y+ mf()( =0, (5a)
pdr + 4der - Tjﬁ! (Sb)

where the dot denotes the derivative with respect to cosmic
time, and H is the Hubble parameter. The motion equation
of a scalar field includes thermal friction, which results in
the transfer of energy from axion to the dark radiation.

The energy density and pressure of the axion dark matter
can be expressed as follows:

1

I,

P, = 5)(2 +5 my*, (6a)
1,1

P, = 5)(2 - Em}‘}xz- (6b)

We introduce new variables to calculate the equation of
motion for the scalar field [37,38,54],

0 X
\/Q, sin- = —>—— Ta
X 2 \/EMPIH ( )
0 m,y
/Q, cos— = ——* 7b
X 2 \/gMp[H ( )
2m
X
=— 7
Y1 H ’ ( C)
where Q, = 3]14/%# is the density parameter of the

dark matter and M, = 2.435x 10*” eV denotes the
reduced Planck mass. The evolution equations for
the new variable are

Q
o = 3H(w; + cos6) = Y(I - cos0), (8a)
4
0 = Hy, — (3H + Y)sin#), (8b)
. 3
N :§Hy1(1+W,), (8c)

where w, represents the total equation of state, which is the
ratio of total pressure to total energy density. We can find
that the equation of state of axion dark matter is

w, —Px_ _cos0. 9)

Py

The continuity equations for axion dark matter and dark
radiation can be derived as follows:

p,+3Hp, = =Yp,(1+w,), (10a)

Par 4der = Yp){(l + W)()‘ (IOb)

After the cessation of axion oscillation (which occurs
during the radiation domination epoch), its equation of state
w, = 0, and the continuity equation takes on the same form
as that of decaying dark matter [24-28,55,56]. However,
our result is obtained from the scalar field undergoing
thermal friction.

Figure 2 depicts the variation of energy density for
different components as a function of scale factor. The
orange curve represents axion dark matter, which behaves
similar to a cosmological constant (blue line) in the
early Universe and evolves like matter after undergoing
oscillations. Dark radiation (green line) generated by axion
thermal friction is negligible in the early Universe.
However, due to a continuous source, the dilution rate
of dark radiation is slower than that of ordinary radiation
(red line) and matter.
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FIG. 2. The energy density of various components of the
Universe varies with the scale factor, including ordinary radiation
(red line), axion dark matter (orange line), dark radiation (green
line), and cosmological constant (blue line). The dark radiation
generated by axion thermal friction only has an impact in the late-
time Universe.
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B. Perturbution equations

We calculated the perturbation equations for axion dark
matter and dark radiation with the synchronous gauge,
where the line element is defined as

ds* = —di* + a*(1) (8, + hyp)dx'ax). (1)

The perturbed Klein-Gordon equation for a scalar field in
Fourier modes is expressed as follows:

. . k? 1.

Sy + (BH + Y)oy + (? + m§>5x+§hj( =0, (12)
where h represents the trace of scalar metric perturbations.
In accordance with [57,58], the density perturbation,
pressure perturbation, and velocity divergence of axion
dark matter can be expressed as

8p, = 1 Sy +miydy, (13a)
8p, = Ji 8 —~myxdy. (13b)
k2
(p)( +p)()®)( :Ej((s)ﬂ (13C)

We redefine new variables to calculate the perturbation
equation of scalar field [38],

.0 0 2 Oy

V&, <60 sm§+61 cos2) = 3M,H° (14a)
. 0 0 2 m, oy

\/Qﬂ( <51 Slni— 50 COS§> = §M);ZH (14b)

The evolution equations of the new variable can be
derived as follows:

8y = SoHwsin@ — 5,[(3H + Y)sin @

+ Hw(1 —cos0)] —g(l —cosf), (15a)
5, = SgHaw(1 + cos @) — 6, ((3H + Y) cos @
+ Hwsin 6) —gsinQ, (15b)
where
K2 K2 (16)

“= 2a*m,H T lHYy,

Employing Eq. (4), we derive the perturbed energy density
and velocity evolution equations for dark radiation,

. 2. 4
b= ——h-—0
dr 3 3a dr
F Y218 - 84)(1 - cos6) + 6,sin6].,  (17a)
Pdr
Oy = K264 + Y2 (1—cos0) (0, -0 (17b)
dr 4a dr Dar 4 X dr |-

It is worth noting that the dark radiation generated by
thermal friction experiences sufficient self-interaction to
maintain a thermal environment and suppress shear pertur-
bations [47]. In contrast, in most decaying dark matter
models, the dark radiation exhibits shear perturbations that
cannot be neglected due to the free-streaming [28,56,59,60].

C. Initial conditions

In the very early Universe, the Hubble friction dominates
greatly over both the axion mass and thermal friction.
When studying the initial conditions of the axion dark
matter, the influence of Y' can be neglected, and the scalar
field equation simplifies to the case without thermal
friction. Therefore, we can directly employ the initial
conditions for the new variable of the scalar field presented
in [37,38].

We assume that dark radiation is exclusively generated
through thermal friction of axion dark matter. Therefore,
the initial value of py, is set to zero. For the perturbation
equations, we use adiabatic initial conditions,

3
5dr == Zéy,G)dr - 8},, (18)

€, 9

where the subscript “y” represents the photon.

III. NUMERICAL RESULTS

Based on the description in the last section, we modified
the publicly available Boltzmann code CLASS [61,62]. We
now present the obtained numerical results and discuss the
impact of the DADM model on observations. We employ
the parameter values of the ACDM model constrained by
Planck 2018 data,

w, = 0.02238, Weam = 0.1201,
Hy=67.81,  In(10'°4,) = 3.0448,
n, = 0.9661, Trio = 0.0543. (19)

For the DADM model, we set the axion mass to be
10722 eV and keep all other parameters the same as the
ACDM model, except for the sum of the dark matter and
dark radiation energy density, @qp 4 q;-
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FIG. 3. The evolution of the Hubble parameter relative to the

ACDM model as a function of the scale factor is depicted for the
DADM model under different thermal friction coefficients.
The interaction between dark matter and dark radiation causes
the expansion rate during the matter-dominated era in the new
model to be smaller than that of the ACDM model.

In order to facilitate model comparison, we fix the axion
dark matter energy density fraction Qq,,,(z) at the epoch of
matter-radiation equality is equal to the cold dark matter
energy density fraction Q. (z) in the ACDM model. This
can be achieved by adjusting the value of wgy, 4 after
setting the thermal friction coefficient Y.

We compare the results obtained with thermal friction
coefficients Y of 0, 1.5, and 2.5 to those of the ACDM
model. The four cases are represented by solid blue,
dotted orange, dash-dotted green, and dashed black lines,
respectively. The units of Y are consistent with H,
i.e., km/s/Mpc.

In Fig. 3, the evolution of the Hubble parameter relative
to the ACDM model as a function of the scale factor for
different thermal friction coefficients are presented. In the
DADM model, due to the continuous energy transfer from
dark matter to dark radiation, the expansion rate during the
matter-dominated era is smaller compared to the ACDM
model. This trend persists until the dark energy domina-
tion era takes over. Moreover, the larger the thermal
friction coefficient, the greater the disparity between the
two models.

We demonstrate in Fig. 4 the impact on the CMB
temperature power spectrum. Relative to the ACDM
model, the thermal friction model exhibits a pronounced
increase in power at low #, which arises from the late-
time integrated Sachs-Wolfe (ISW) effect originating
from the photon passing through a time-dependent
gravitational potential.

In the DADM model, due to the energy transfer from
axion dark matter to dark radiation caused by thermal
friction, the evolution of dark matter is modified,
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FIG. 4. The impact of various thermal friction coefficients on
the CMB temperature power spectrum. The DADM model
exhibits a notable impact on the CMB power spectra at low 7,
with the spectrum significantly enhanced compared to the ACDM
model. This variation primarily stems from the late-time ISW
effect. The fluctuations at high ¢ are attributed to the diminished
CMB lensing effect.

resulting in an earlier equality epoch of matter-dark
energy. Consequently, this leads to a heightened late-
time ISW effect.

Furthermore, the transition from dark matter to dark
radiation in the DADM model leads to a reduction in CMB
lensing. As a result, a decreased peak-smearing can be
observed at high 7, resulting in a coherent trend of elevated
peaks and lowered troughs compared to the ACDM model.

Figure 5 illustrates the results of the linear matter power
spectrum relative to the ACDM model under different
thermal friction coefficients. The dissipative nature of axion
dark matter leads to a decrease in the matter density fraction
Q,,, resulting in the suppression of power. This character-
istic becomes more prominent with an increase in the
thermal friction coefficient. Due to fixing the energy
density fraction of axion dark matter to be equal to that
of cold dark matter in the ACDM model at the epoch of
matter-radiation equality, the transition of the power
spectrum is correlated with k.
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FIG. 5. The results of the linear matter power spectrum relative
to the ACDM model are examined under different thermal
friction coefficients. In the DADM model, the decrease in the
matter density fraction Q,, leads to the suppression of the P(k)
spectrum. Additionally, the condensation effect of axion dark
matter on small scales further contributes to the suppression of
the matter power spectrum.

On the smallest scale, the power spectrum of the DADM
model exhibits additional reduction compared to the
ACDM model, as evident from the curve corresponding
to the blue solid line representing a thermal friction
coefficient of 0. This phenomenon arises from the inherent
properties of axion dark matter, specifically the condensa-
tion effect on small scales, which further suppresses the
matter power spectrum.

IV. MCMC ANALYSES

We employed Cobaya [63] to perform the MCMC
analysis for obtaining the posterior distribution of model
parameters, and assessed the convergence using the
Gelman-Rubin criterion, R — 1 < 0.01 [64]. The MCMC
chain was analyzed using GetDist [65].

A. Datasets

We conducted our analysis using the following cosmo-

logical datasets,

(1) CMB: The temperature and polarization power
spectra from the Planck 2018 dataset, encompassing
both the low-# and high-# observations, as well as
the CMB lensing power spectrum [3,66,67].

(2) BAO: The measurements from the BOSS-DR12
sample, which include the combined LOWZ and
CMASS galaxy samples [68,69], as well as the
small-z measurements obtained from the 6dFGS and
the SDSS DR7 [70,71].

(3) Supernovae: The Pantheon supernovae sample, con-
sists of the relative luminosity distances of 1048

Type Ia supernovae, covering a redshift range from
0.01 to 2.3 [72].

By combining data from CMB and BAO, we can
conduct acoustic horizon measurements at various red-
shifts, thereby overcoming geometric degeneracies and
providing constraints on the physical processes occurring
between recombination and the redshift at which BAO is
measured. Moreover, the supernova data obtained from the
Pantheon sample plays a crucial role in tightly constraining
late-time new physic within its specific range of measured
redshifts.

(4) SHOES: The cosmic distance ladder measurement

from SHOES with H,="73.04 £ 1.04 km/s/Mpc [4].

(5) DES: Dark Energy Survey Year-3 weak lensing
and galaxy clustering data, the application of
Gaussian constraints on Sg yields a result of
0.776 £0.017 [5].

We utilize the H; measurements from SHOES to evaluate
the effectiveness of our novel model in addressing the
discordance between local H, measurements and CMB
inference results. Furthermore, we integrate the Sg data
from DES to examine the model’s capability in alleviating
the large-scale structure tension.

(6) Lyman-a: 1D power spectrum of Lyman-a forest
flux from quasar samples of SDSS DR 14 BOSS and
eBOSS surveys [73]. We employ a compressed
version of the Gaussian prior form of the likelihood,
which provides estimates for the amplitude and
slope of the power spectrum at the pivot redshift
of z, = 3 and wave number of k, = 0.009 s/km ~
1 h/Mpc [74,75].

In addition to the commonly used datasets mentioned
above, we introduced the Lyman-a data. We aim to explore
the impact of small-scale measurement on the thermal
friction model, as axion dark matter exhibits unique
features on very small scales.

B. Results

The mean and 1o parameter results for ACDM, DADM
models, constrained by the combined dataset including
CMB, BAO, SNIa, SHOES, and DES, are presented in
Table I. Meanwhile, Table II exhibits the y? statistical
values.

We find that the DADM model and the ACDM model
yield similar constraints on the value of H,), indicating that
the ability of the thermal friction model to resolve the
Hubble tension can be considered negligible.

However, the Sg values obtained from the DADM model
is smaller than that of the ACDM model, the value of Sg at
68% confidence level for the DADM model is found to be
0.795 £ 0.011, whereas the result for the ACDM model is
0.8023 £ 0.0085, suggesting that the DADM model can
alleviate the Sy tension.

This effect is primarily attributed to the transfer of energy
from dark matter to dark radiation in the new model,
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TABLE 1. The table presents the mean and 1o marginalized
constraints for ACDM, DADM models using a combined data
comprising CMB, BAO, SNIa, SHOES, and Sg from DES.

Model ACDM DADM
In(10"A;) 3.04950013 3.054 +£0.015
ng 0.9705 + 0.0036 0.9715 £ 0.0037
Treio 0.0595-:5%67 0.0608- 05050
H, 68.63 £ 0.36 68.60 £ 0.40
wy, 0.02259 + 0.00013 0.02260 + 0.00013
Ddmtdr 0.11728 + 0.00077 0.116207 3045
logom, <-218

Y e <242
10724, 2.11019938 2.119 +0.033
Qn 0.2984 + 0.0045 0.29267 70088
oy 0.8045 = 0.0056 0.8048 = 0.0059
Sg 0.8023 + 0.0085 0.795 £ 0.011
Ayt -2.60

resulting in a lower matter energy density fraction €,,.
This characteristic can be more clearly observed from the
posterior distributions of the model parameters for both
models, as depicted in Fig. 6.

From Table II, it is observable that the performance of
the DADM model and the ACDM model in fitting the
CMB and SNIa data is comparable. While the ACDM
model fits better with the BAO data, the DADM model
matches more closely with the results from SHOES and

TABLE II. The y? statistical values for fitting a combined
dataset including CMB, BAO, SNIa, SHOES, and DES.

Datasets ACDM DADM
CMB:

Planck 2018 low-Z TT 22.04 22.67
Planck 2018 low-Z EE 396.10 397.33
Planck 2018 high-¢

TT + TE + EE 2352.66 2351.20
LSS:

Planck CMB lensing 10.17 9.57
BAO (6dF) 0.0017 0.0145
BAO (DR7 MGS) 1.86 2.11
BAO (DR12 BOSS) 5.858 6.088
SNIa (Pantheon) 1034.76 1034.73
SHOES 20.55 18.77
DES 3.49 2.40
Ayenm -0.20
Axiao e 0.49
Arin -0.03
AYnors —1.78
Axydes —-1.09
Ay ~2.60

I A\CDM
I DADM
0.32
£ AN
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FIG. 6. The posterior distributions of selected parameters for
the DADM and ACDM models using a combined data com-
prising CMB, BAO, SNIa, SHOES, and Sg from DES are
shown. In the DADM model, dark matter undergoes energy
transfer to dark radiation through thermal friction, resulting in a
lower matter energy density fraction €, and consequently a
smaller value of Sg.

DES. Ultimately, the DADM model yields a smaller y2,
of —2.60 compared to the ACDM model.

We obtain an upper limit for the thermal friction
coefficient Y, with a maximum mean value still below
2.42 km/s/Mpc, which is consistent with our assumption
of weak thermal friction. The nonzero thermal friction
coefficient indicates the transfer of energy from axion dark
matter to dark radiation, thereby contributing to alleviating
the Sg tension.

Moreover, we find that the mass of axion dark matter
cannot be constrained when utilizing the aforementioned
five datasets, as the GetDist analysis chain yielded
erroneous result. Therefore, we decided to fix the mass
of axion dark matter at 10722 eV and investigate the impact
of small-scale observation on the constraint results.

After incorporating Lyman-a data, we re-constrained the
DADM model, and the constraint results from different
combinations of datasets are presented in Table III. The
combination of CMB, BAO, SNIa, and Lyman-« is referred
to as the “Baseline” in our analysis.

We find that the thermal friction coefficient is still small,
with its maximum result being less than 2.74 km/s/Mpc.
Additionally, some slight improvements are observed,
yielding values of H, and Sy as 68.76135 km/s/Mpc
and 0.791 £ 0.011 at a 68% confidence level, respectively.
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TABLE III. The mean and 10 marginalized constraints of the cosmological parameters in the DADM model based
on different combinations of datasets, where we fixed the mass of axion dark matter to be 10722 eV. In this context,
“Baseline” refers to the combination of CMB, BAO, SNIa, and Lyman-a.

Parameters Baseline Baseline + SHOES Baseline + DES Baseline + SHOE + DES
In(10%°4,) 305750016 3.0642001 305540913 3.0622001¢

ng 0.9601 + 0.0037 0.9641 + 0.0036 0.9613 £ 0.0036 0.9646 + 0.0038
Treio 0.0603%060% 0.0648 0003 0.059810 5057 0.0642 + 0.0079
H, 67.91 + 0.46 68.607042 68.22 £ 0.39 68.767033

o 0.02247 £0.00013  0.02262 £0.00014  0.02251 £ 0.00014 0.02263 = 0.00014
Odm +dr 0.117870.0013 0.116370:0013 0.1166-3901 0.1157+00012

Y <1.81 <2.06 <3.18 <2.74

Qn 0.3027 09073 0.2934105003 0.29541 0500 0.2899" 5008

oy 0.80840:0057 0.8068 £ 0.0063 0.8047 £ 0.0055 0.8046 £ 0.0058
Ss 0.8124+0.014 0.798 £ 0.013 0.79910010 0.791 +0.011

Figure 7 shows the constraint results of the DADM
model for different combinations of datasets. The complete
posterior distribution, including all parameters, is illus-
trated in Fig. 8 in the Appendix.

The green contour represents the results obtained from
the baseline dataset, which includes CMB, BAO, SNIa, and
Lyman-a. The gray contour corresponds to the inclusion of
the SHOES data in addition to the baseline dataset. The red

Baseline
Baseline+SHOES
Baseline+DES
Baseline+SHOES+DES

0.85
& - =
ol Wy =
66 68 5 9 028 032 0.81 0.80 0.87
Ho T Qm o8 S

FIG. 7. Constraint results on the DADM model from different
combinations of datasets are presented. The green contour
represents the outcomes obtained from the baseline dataset,
including CMB, BAO, SNIla, and Lyman-a. The other contours
correspond to combinations of the baseline dataset with SHOES
and DES data.

contour represents the results obtained by adding the Sy
measurement from DES data. Lastly, the blue contour
indicates the results obtained from the combination of all
datasets.

It is noteworthy that when adding the SHOES and DES
data to the baseline dataset, the resulting constraints on Sg
are remarkably close, which can be explained. The effect of
SHOES data is to increase H, leading to a decrease in €,
to maintain consistency with other data. On the other hand,
DES data has the effect of reducing g without altering Q,,,.

Since Sg = 051/(L,,/0.3), despite the higher value of oy
from SHOES data, the final results of Sg obtained from both
combinations of datasets are similar.

V. CONCLUSION

In this paper, we investigate the dissipative axion dark
matter model as a means to alleviate cosmological tensions.
In this novel model, we replace the cold dark matter with
axion dark matter and introduce a coupling between the
dark gauge boson and axion. This coupling leads to
additional thermal friction experienced by the axion dark
matter, resulting in energy injection into the dark radiation
component.

The interaction between dark matter and dark radiation
exhibits similarities to decaying dark matter, yet possesses
distinct characteristics. We derived the evolving equations
for interacting dark matter and dark radiation from a scalar
field theory framework. Notably, the self-interaction of
dark radiation generated by thermal friction is significantly
different from the free-streaming dark radiation resulting
from decaying dark matter.

We performed the MCMC analysis comparing the new
model with the ACDM model using commonly used
cosmological data, including CMB, BAO, SNIa, SHOES,
and Sg from DES. The results indicate that the constraints
on H, obtained from the DADM model are in close
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agreement with those of the ACDM model. However, the
value of Sg in the DADM model is smaller than that in
the ACDM model. The value of Sg for the DADM model
is found to be 0.795 + 0.011 at a 68% confidence level,
whereas the result for the ACDM model is
0.8023 £ 0.0085. This suggests that the new model can
partially alleviate the Sg tension but its ability to address the
Hubble tension can be ignored.

According to the y? statistic, we find that the ACDM
model provides a better fit to the BAO data, while the
DADM model is more consistent with the SHOES and DES
data. Besides, there is little difference in the agreement
between the two models and CMB and SNIa data.
Nonetheless, the DADM model has a greater advantage
in fitting the SHOES and DES data, resulting in a smaller
2%, of —=2.60 compared to the ACDM model.

In addition, we found that the five aforementioned
datasets are unable to constrain the mass of axion dark
matter. Therefore, we fixed the mass of axion dark matter to

be 1072? eV, and included small-scale data to explore its
impact on the model parameters. After incorporating
the Lyman-a data and performing the new round of
MCMC analysis, we found that the results show slight
improvements, with values of H, and Sg being
68.767032 km/s/Mpc and 0.791 & 0.011 at a 68% confi-
dence level, respectively.

The axion dark matter thermal friction model still fails to
fully resolve the cosmological tensions. Given that in this
paper, we only consider the simplest scenario involving a
constant thermal friction coefficient and the assumption of
weak thermal friction, more complex models can be consid-
ered to address the Hubble and large-scale structure tensions.
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APPENDIX: THE FULL MCMC POSTERIORS
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FIG. 8. The complete Markov chain Monte Carlo posterior of the DADM model parameters obtained using different combinations of
datasets is presented. Various data, including CMB, BAO, SNIa, Lyman-a, SHOES, and Sg from DES-Y3, are utilized in our analysis.
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