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Abstract We propose a new model for the viscosity of cos-
mic matters, which can be applied to different epochs of the
universe. Using this model, we include the bulk viscosities as
practical corrections to the perfect fluid models of the bary-
onic and dark matters since the material fluids in the real
world may have viscosities due to thermodynamics. Such
inclusion is put to the test within the framework of f(T)
gravity that is proved to be successful in describing the cos-
mic acceleration, where 7' denotes the torsion scalar. We
perform an observational fit to our model and constrain the
cosmological and model parameters by using various latest
cosmological datasets. Based on the fitting result, we dis-
cuss several cosmological implications including the dissi-
pation of matters, the evolutionary history of the universe,
f(T) modification as an effective dark energy, and the Hub-
ble tension problem. The corresponding findings are (i) The
late time dissipation will make the density parameters of
the matters vanish in the finite future. Moreover, the den-
sity ratio between the baryonic and dark matters will change
over time. (ii) The radiation dominating era, matter domi-
nating era and the accelerating era can be recovered and the
model can successfully describe the known history of the
universe. (iii) The f(7") modification is the main drive of the
acceleration expansion and currently mimics a phantom-like
dark energy. But the universe will eventually enter a de Sit-
ter expansion phase. (iv) The Hubble tension between local
and global observations can be significantly alleviated in our
model.

1 Introduction

Cosmological and astrophysical observations including the
Type-la supernovae (SNIa), cosmic microwave background
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radiation (CMB), baryon acoustic oscillations (BAOs) and
large-scale structure (LSS) suggest that our universe is now
in an acceleration phase of expansion. One of the straight-
forward ways to explain this acceleration is to introduce the
cosmological constant A back to play the role of the so-called
dark energy and construct the A cold dark matter (ACDM)
model. This model proves to be quite accurate and success-
ful. However, from the theoretical point of view, the cosmo-
logical constant A lacks a physical origin and its observed
value is too small to be explained by any fundamental theo-
ries. Moreover, this simple model also suffers from the cos-
mic coincident problem, i.e., the densities of matter and dark
energy of the universe are of the same order. To alleviate these
problems, various dark energy models have been proposed
and studied (for comprehensive reviews, see, e.g., Refs. [1-
4]). Another angle to address these problems is to consider
modifications of gravity and see General Relativity (GR) as
an approximation to the real theory of gravity yet to be dis-
covered. One of the simplest schemes to modify Einstein’s
gravity is the f(R) gravity, where the curvature scalar R in
the gravitational Lagrangian is replaced by a function f of
R (see, e.g., Refs. [5-8] for extensive reviews). On the other
hand, based on an equivalent description of Einstein’s gravity,
known as the Teleparallel Equivalent of General Relativity
(TEGR) [9,10] where the torsion scalar T takes the place of
the curvature scalar R, the f(7) modification of gravity is
proposed and widely studied (see, e.g., Refs. [11-14]).

In most studies of cosmology, may that be within the
framework of GR or modified gravities, the universe media
are usually simplified as perfect fluids. From the hydrody-
namic point of view, a less ideal fluid may involve the dissi-
pative effects that lead to a deviation from the thermal equi-
librium. Such dissipative processes in the cosmic expansion
include heat conduction, bulk viscosity, and shear viscosity,
which have been carefully studied (see, e.g., Refs. [15-17]).
Due to the homogeneous and isotropic assumption of the cos-
mic background, considering the bulk viscosity as the only
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relevant dissipative phenomenon in cosmology is appropri-
ate. Pioneer studies to include bulk viscosities in cosmology
follow conceptually different trains of thought, partly such
as

e Viscosity as a sole drive of acceleration: Either some
part or the unity of the universe medium has viscosity
which is the sole mechanism to drive the cosmic accel-
eration [18-28]. This idea utilizes the fact that the bulk
viscosity of the fluid may act as an effective pressure,
possibly negative, to recover the local thermodynamic
equilibrium [29], and explores the possibility that this
effective pressure may be the culprit of the accelerated
expansion of the universe. Such a consideration can be
seen as one of the approaches to a unifying model of
(dark) matter and dark energy.

e Dust matter and viscous dark sector: The known con-
tents of the universe are still without viscosity, while the
dark sector that has already the mechanism to drive the
acceleration may be viscous [30-37]. Since the properties
of dark energy or dark matter or the unification of both
are still not very conclusive, this idea puts more physical
and realistic considerations into the model of dark sector.

e Viscous matter and effective dark energy: The mate-
rial contents may have viscosities, while the accelerated
expansion is of geometric or gravitational origin, e.g.,
cosmological constant or modified gravities [36,38—48].
This idea sees the viscosities to be the physical properties
that may be possessed by any material fluid in the real
world and considers the viscosity as one of the realistic
corrections of imperfectness to the perfect fluid model.
The inclusion of viscosities in the fluid models is put
to the test within the various frameworks of successful
cosmological models.

In this work, we follow the last route and intend to include
the viscosities in the cosmological context of the f(T") grav-
ity. In Refs. [44-46], the authors have analyzed the cosmol-
ogy in f(T) gravity where the universe is filled with a single
viscous fluid by considering specific evolutionary functions
given by H(t) o 1/t*, where H is the Hubble parameter,
is the cosmic time and X is a constant parameter. Moreover,
f(T) gravity has also been used to reconstruct the general-
ized Chaplygin gas model with viscosity [49]. In the current
work, to accommodate some of the existing late time viscous
models, we propose a simple unifying bulk viscous model of
the matters that can be applied to different epochs of the
universe. Using this new model, we intend to study the evo-
lutionary history of the universe with bulk viscous matter in
f(T) gravity, where different cosmic contents, i.e., radiation
and viscous baryonic and dark matters, are included. The
motivation of this consideration is twofold. Firstly, we can
model the whole evolutionary history of the universe includ-
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ing the radiation dominating era, matter dominating era and
the acceleration era. As such, we can include the rather strin-
gent datasets of CMB and BAO in addition to the late time
SNIa datasets and various estimations of H dependence on
the redshift z (denoted as Hz in the following) in the parame-
ter fitting. Secondly, the physics before the last scattering can
be different from the standard model not only for the modi-
fication of f(T) gravity but also for the bulk viscosity. This
could be significant. For example, the recently revealed ten-
sion between the Hubble constant Hy measured locally and
that fitted by the global observation [50] may, among var-
ious possibilities, be a result of modified prerecombination
physics [51-53].

The paper is arranged as follows. Section 2 contains brief
descriptions of the bulk viscous model of matter contents and
the f(T) gravity. In Sect. 3, we use the observational datasets
of CMB, BAO, SNIa, and Hz to fit and evaluate the model,
presenting constraints and best-fit values of the cosmologi-
cal and model parameters. Some cosmological implications
including the dissipation of the matters, the evolutionary his-
tory of the universe, f(7) modification as an effective dark
energy, and the Hubble tension problems are presented in
Sect. 4. We conclude our study in the last section.

Throughout the paper, we use the natural unit with ¢ =
8m G = 1, where c is the speed of light and G is the gravita-
tional constant.

2 Overview of the f(T) gravity and the viscous
cosmology

2.1 Cosmological model with bulk viscous matter

We assume a Friedmann-Lemaitre-Robertson—Walker
(FLRW) metric for the spatial flat universe, which is given
by

ds? = di® — a(t)?8;;dx’ dx, e))

where a(t) is the cosmic scale factor.

For the matter source we consider an imperfect fluid with
viscosity, where the dissipative effects resulted from micro-
scopic interactions are described by transport coefficients.
Since the universe is treated to be isotropic and expanding,
only bulk viscosity should be relevant and it can be expressed
as a first order deviation from the thermodynamic equilib-
rium. The energy—momentum tensor for such a fluid is then
given by [15-17,29,36],

7, =(p+ p)uyu’ — ps), 2
with
p=p—Vu, 3)
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where p and p are the pressure and energy density of the fluid,
respectively, u** is the 4-velocity, and ¢ is the bulk viscosity
arising from deviation from the local thermodynamic equi-
librium. The viscosity is then encoded in a viscous pressure
term —¢ V,u'* in addition to the usual material pressure. In
the cosmological scenario, this term can be written as —3¢ H,
where H = a/a is the Hubble parameter.
The continuous equation V,, ’Z_;L” = 0 is equivalent to

VT, =V, [(3; —uuu”) (p—p)]. 4)

where 7" is the energy—momentum tensor of a usual perfect
fluid. For cosmological metric and the assumption p = 0,

VWI,' = —3Hp, ®)

where the right-hand side can be either seen as a sink of
energy if p is positive, or a source if p is negative. It reflects
that there is energy transference between the kinetic energy
of cosmological expansion and the material fluid due to the
bulk viscosity.

The transport coefficient ¢ should depend on the dynamics
of the material fluid. A general model for viscous effects
that emerge at late time is proposed and can be written as
[25,36,40,43,54,55]

(=%t +0H, (6)

where both ¢p and ¢ are constants. This can be viewed as
an agreement with a generalized equation of state (EOS) of
a dark fluid [56,57] since the pressure now can be written as

b= p(p) +woH + wi H, (7

where wyg = —3¢p and wy = —3¢; are new constant coeffi-
cients of EOS. Another widely considered model of material
bulk viscosity is of the form [36,55,58-61]

¢~ p'. ®)

For late time universe when matter is dominating and H> ~
Pm, these two forms (6) and (8) can reach some common
ground for s = 1/2.

However, for early times of the universe, both forms will
lead to an unbounded viscosity or a growing Hubble param-
eter, which seems to be contrary to our conventional under-
standing of the evolutionary history of the universe. There-
fore, to cover the early times, we consider the merits of both
forms of the viscosity and propose a simple new form

¢ =tV + aQH, )

where Q = p/(3H?) is the density parameter of the corre-
sponding content with bulk viscosity. While Eq. (9) preserves
the property (8), it will reduce to the form (6) at the era when
the universe is dominated by the corresponding viscous con-
tent with Q ~ 1, and will be suppressed when the viscous
content is not dominating.

In the current work, for simplicity, we only consider the
imperfectness and bulk viscosity of the material contents
including both the baryonic and dark matters, leaving the rel-
ativistic contents to be described by the EOS w = p/p = %
In addition, we assume that the viscosities of the baryonic
and dark matters have the same coefficients. That is,

Pb = pp —3H (o + 512 H),
Pm = Pm — 3H o/ Qm + 012w H), (10)

where the subscripts » and m indicate the baryonic and dark
matters, respectively. One can easily check that

Pi = pi — Sov3pi — L1pi, (11

where i = b, m. So, the ¢ term is in effect a correction to the
pressureless EOS w; = 0, and one can assume the material
pressure p; = 0 without loss of generality.

It is noted here that the viscous effects of the baryonic and
dark matters must be considered separately even it is simply
assumed that they have the same viscous coefficients. Other-
wise the viscosity will become another interaction between
the baryonic and dark matters other than gravitation. At late
time, this does not seem very important in that the same vis-
cous coefficients and EOSs make sure both the baryonic and
dark matters evolve synchronously. However, before the last
scattering, the propagation of the sound wave of the photon-
baryon fluid depends closely on the EOS of the baryon mat-
ter, but is not so sensitive to that of the dark matter. Specif-
ically, around some primordial and initial clumps of matter,
the pressure of the photon-baryon fluid resists the gravita-
tional clustering. The resulting sound waves propagate at the
sound speed ¢ given by

2_3_I’_ﬁ/+p;/

d="=—"7 12
Yodp pptp (12)

where the subscript y indicates the photon and the prime
denotes derivative with respect to some common variable,
e.g., the scale factor a. The propagations continued until the
universe became transparent for photons, leaving dramatic
oscillations CMB anisotropic data we see today, as well as
imprints in the galaxy distributions. This is the key to our
model in the era before the last scattering and include the
CMB and BAO datasets in the following section to perform
the observational fit.

2.2 Viscous cosmology in f(T) gravity

Although the bulk viscosity may provide a possibly nega-
tive pressure, as seen in Eq. (10), it can hardly be the main
cause of the late time acceleration of the universe. As we
will see in the next section, the densities and viscosities of
the matters are quite stringently constrained by the observa-
tion. The effective pressures from viscosities do not seem to

@ Springer
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be of the same order of the energy densities and hence cannot
account for the missing dark energy that are around 70% of
the cosmic contents. Therefore, the drive of the acceleration
is still needed elsewhere. In this work, we consider the cosmic
evolution under the framework of f(7") gravity, attributing
the late time acceleration to the modification of gravitational
theory in the teleparallel description.

On the parallelizable spacetime manifold M with a metric
g, one can generally find a set of tetrad {ef} and its dual {e?‘i},
such that

el =585, eyl =5l (13)
They are related to the metric tensor via

Suv = nABel?tel?p NAB = guueﬁleé}~ (14)
Then, the torsion scalar T is defined as

T = TZVSa“”, (15)
where the torsion tenser is

7%, = eft (due — el ) (16)
and the superpotential is

1
R S R AR (T 2a )

2
a7

SN

TEGR uses this scalar T as its gravitational Lagrangian, and
the f(T') gravity considers an arbitrary function of T instead,
i.e.,

1
S= —5/|e|f(T>d4x+/|e|£Md4x, (18)
where |e| = det(egf) = ,/—g is the determinant of the tetrad

eé, and Ly is the Lagrangian of matter.
Varying the above action (18) with respect to the tetrad

e/, one can obtain the field equation
2 f
o (lelS;Pef fr) + e =Tge}, (19)

where fr denotes d f/dT, and the energy—momentum tensor
’Zg" of matter is given by

(lelLy)

_ B
W = |€|,Tﬁa€A. (20)

For the cosmological metric given in Eq. (1), one can eas-
ily find that T = —6H?2. Then, since the Hubble parameter
H is generally a decreasing function of cosmic time, one
would expect that a f(7) model with a modification term
more significant at smaller | 7| is appropriate in that it could
give explanation to the late time (smaller A and |T'|) accel-
eration and would not mess up the early time evolution. We

@ Springer

therefore choose a concrete f(7) model in the form
o
f(T)=T+?, (21)

where « is the model parameter. Studies show that the mod-
ifications with inverse powers of 7' may indeed provide the
drive of the accelerated expansion [62—64].

Taking the model (21) and the energy—momentum (2) into
the field equation (19), one can obtain the modified Fried-
mann equations

3HY = 2 — o+ oy +
1H? = Pr T Pb T Pm;
. 07 — —_
28 (14 3p70) = e = D6 =P = pr = oo = P 22)

where the subscript r denotes the radiation including both
the photons and relativistic neutrinos.

3 Observational fit

In this section, we perform an observational fit to the cosmo-
logical model we introduce in the previous section. In most
studies of viscous cosmology, the authors usually focus on
a certain epoch of the evolutionary history of the universe.
Since the newly proposed model of viscosity in the current
work depends on €2 instead of H or p, we can consider the
cosmic evolution as a whole and, more importantly, utilize
the observational datasets of both early and late time eras in
a joint fitting procedure.

For the late time SNIa data, we consider the latest Pan-
theon compilation [65] consisting of a total of 1048 SNIa
with the cosmic redshift z ranging from 0.01 to 2.3. We also
utilize 57 data points of Hz [66]. These two sets of data repre-
sent the observations of the acceleration phase of the universe
and provide the late time constraints of the model.

For earlier era, we consider the CMB and BAO datasets.
The CMB temperature power spectrum is sensitive to the
matter densities, and it also measures precisely the sound
horizon, which is given by

* / TG g (23)
ri= 2,
7* H(Z)

where z* ~ 1000 is the cosmic redshift of the last-scattering
surface and c¢; is the sound speed of the photon-baryon fluid
before the last scattering. In viscous cosmology, such con-
sideration is only possible when the viscosities of baryonic
and dark matters are separated in that ¢y is closely related to
the EOS of baryonic matter but not sensitive to that of dark
matter. By using the viscosity model (10) proposed in the pre-
vious section, we can substitute c; with Eq. (12). We will be
using the CMB data inferred from Refs. [67,68]. Moreover,
the BAO measurement provides a standard ruler to probe the
angular diameter distance versus the redshift by performing
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a spherical average of their scale measurement. We will use
the BAO data given in Refs. [69-71].

We perform a cosmological fit for the viscous model in
f(T) gravity based on a Markov chain Monte Carlo method
using the datasets mentioned above. As references, we also
perform the same fitting procedure for the concord cosmo-
logical model ACDM, and a viscous model that is described
by Eq. (10) but still leaves the dark energy to the mysteri-
ous cosmological constant (denoted as vACDM, for detailed
analysis of similar models, see Refs. [36,41,42]). The fitting
results and best-fitted parameters are listed in Table 1, where
Qpo and 2,0 are the values of 2 and €2, at present time,
respectively, and & = Hp/(100 km/s/Mpc). In the fitting
procedure, we consider the radiation density parameter at
present 2,0 = £2,0(1 + 0.2271 Negr), where the photon den-
sity parameter at present is fixed 2,9 = 2.469 x 107k 2 in
this work and N is the effective number of neutrino species
with Negg = 3.046 for the current standard value. Figure 1
illustrates the 10 (68.3%) and 20 (95.4%) confidence levels
of the parameters of our model.

4 Cosmological discussions
4.1 Matter density parameters

As shown in Table 1, the two viscous coefficients in our
model, ¢y and ¢1, have different signs, which, according to
Eq. (10), means the effective pressures p may have differ-
ent signs depending on the densities. And Eq. (5) shows that
the signs of p indicate the direction of energy transference.
So, the matters may acquire or lose energy due to the uni-
verse expansion through viscosity at different cosmic time.
Moreover, the viscous model (10) suggests that the baryonic
and dark matters will acquire or lose energy at different rates
once they have different densities. Figures 2 and 3 illustrate
the evolutions of the effective pressures and density parame-
ters of the baryonic and dark matters, where in the latter the
standard ACDM case has also been plotted for reference.
At early time (large redshift z), the effective pressures
are negative and the matters acquire energy from the expan-
sion, while at later time (smaller redshift z), the pressures
are positive and the matters lose energy to the cosmic expan-

sion. The changes of signs of the effective pressures hap-
pen at z = 5.54462, 8.87689, and 4.77607 for total matter,
baryonic matter, and dark matter, respectively. In the future
(=1 < z < 0), the effective pressures will return to zero
because the matters dissipate and the densities vanish succes-
sively, which will happen at z = —0.803174, and —0.884895
for the baryonic and dark matters, respectively.

As mentioned before, the different paces of evolutions of
the baryonic and dark matters will lead to an evolving ratio
K between the baryonic and dark matters, which is plotted
in Fig. 4.

In the future, when €2;, reaches zero at z = —0.803174, K
vanishes. In the remote past, K = 25/ €2,; = 0.2009, which
is in fact inferred from the power spectrum of CMB. On the
other hand, while K is difficult to observe, the baryon-to-
photon ratio n plays a significant role in the light element
abundances. And since the photon number in the universe
can be directly observed, the visible difference in the evolu-
tions of €2, between our model and the standard ACDM
model may then be subjected to the test of observations.
There are several epochs of the cosmic evolutionary history
where 7 can be determined independently. For the Big Bang
nucleosynthesis epoch (z ~ 10%), i can be derived from
the abundances of primordial elements (see, e.g., [72]). For
the recombination epoch (z ~ 1100), inference of n from
CMB in fact has already been taken into account in this work
when we include the CMB and BAO datasets. At later time
(2 < z £ 6), the abundances of light elements, and hence 7,
can be determined from the so-called Lyman « forest (see,
e.g., Refs. [73-75]), where for the standard model, the cos-
mic gas doing the absorption is considered nearly primordial
in that it has not been processed during many generations
of stars. In our model, the energy transference between the
baryonic matter and the cosmic expansion leads to the devi-
ation of €2, from the standard model, which may result in
possibly observable difference of such absorption.

Most of these results rely on the modeling of the evolu-
tionary history as a whole so that one can see the effects of
the unified form of viscosities in different eras. Moreover,
the different evolutionary paces of the baryonic and dark
matters essentially come from the separation of viscosities
of the two matters in our model, which makes it possible to
discern or even observe the effects of viscosities. However,

Table 1 Best-fitted parameters

for ACDM., vACDM. and our Parameters ACDM vACDM Our model
viscous modelin f(T) gravity g 2 0.0222+0.900! 0.0222+0.0003 0.022070.9003
+0.0019 +0.0079 +0.0073
Qo 0.2529%0 0027 0.2519%0 0oso 0.22681 0071

Hy (km/s/Mpc)
o/ Ho -
&1 -

0.20
68.397029

+0.72

68.291072
+0.0013
—0.001473:0013

+0.0008
0.0001Z 03

+0.74
73.15+0.74

+0.0077

—0.0195% 5076

+0.0010
0.0029%6010
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Q,h?
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Qo/Ho O

Fig. 1 Constraints on the parameters from 1o to 20 confidence level obtained by the fitting procedure

the time-dependent ratio between the baryonic and dark mat-
ters is not a special result of simply setting the same form
of bulk viscosities for them. In fact, as long as the bary-
onic and dark matters do not interact through viscosity (so
that dark matter is still dark and prerecombination BAO can
happen), they most likely feel the viscosity differently, and
acquire/lose energy at different paces. The model with syn-
chronized evolution and constant ratio is actually the special
one and possibly needs some fine tuning.

@ Springer

4.2 Evolutionary history

Due to the rather stringent constraints from the CMB dataset
[67,68], the best-fitted parameters for ACDM is quite close
to the Planck CMB results [68] even though we have included
late time datasets of SNIa and Hz. To check the evolution-
ary history of the universe, one can, as usually done in the
cosmological study of modified gravities, consider the extra
geometric term from the f(7") modification as an effective
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Fig. 2 Evolutions of the effective pressures of the total matter, baryonic
matter and dark matter, plotted in unit of Hg

0.002

e

Fig. 3 Evolutions of density parameters 2 and €2,

fluid. Then, this f(7") fluid has its own density, namely,

o
4H?
Using the best-fitted parameters in Table 1, we illustrate the
evolutions of the density parameters Q = p/3H? in Fig. 5.
The radiation dominating era, matter dominating era, and late
time accelerating era are obviously recovered. Note that in
the future, the density parameters of the baryonic and dark
matters will vanish in finite time due to the existence of vis-
cosities, as discussed in the previous subsection.
The EOS of the effective f(T') fluid is given by

Pr(T) = (24)

1dln Pf(T)
=—1--——— 25
Wi 3 dina ()
the evolution of which is illustrated in Fig. 6. At present
time with z = 0 and Ina = O, w;o()T) = —1.081, whereas

the EOS of matter wl(\g) = 0.140. Or, equivalently, the den-
sity parameter of the f(7) fluid Qy(7y = 0.732, while the
contribution from the effective pressures of the viscosities
pum/ 3H§ = 0.012. This suggests that the main contribution
to the accelerating expansion at present time comes from
the f(T) modification. In fact, the viscosity model (10) we

0.20 A

0.15F B

X 010+ A

0.051 4

0.00 A

Fig. 4 Evolution of the ratio between the baryonic and dark matter
density parameters

0.8

0.6

0.2

[0 ) gL LR y 4

Ina

Fig. 5 The evolutions of the density parameters. Q¢ (r) denotes the
effective density parameter of the f(7') modification

have introduced in this work allows for consideration of the
physics of the prerecombination era, for which the observa-
tional datasets give rather stringent constraints and suppress
the possible magnitude of the viscosities.

At future infinity with z — —1 and Ina — 400, w (1)
approach to —1, indicating a de Sitter fate of the universe.
Before that, the matter densities will reach zero in the finite
future.

Therefore, we can conclude that the inclusion of bulk vis-
cosities of the matters and considering the f (7)) modification
of gravity as the main drive of the present acceleration will
not violate the known history of the universe. The density
parameters of the baryonic and dark matters will vanish in
the finite future due to the viscosities. The universe will con-
tinue to evolve without them, and will finally enter a de Sitter
expansion phase under the effect of f(7') modification.

4.3 f(T) modification as an effective dark energy
Although the f(7") model that drives the accelerated expan-

sion is not considered as a dynamical field in this work, it
effectively plays the role of dark energy and does evolve

@ Springer
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-3 -2 -1 0 1 2 3
Ina

Fig. 6 The evolution of the EOS of the geometric term from f(7")
modification. The best-fitted parameters given in Table 1 have be used

over the cosmic time. To discriminate different time-varying
models of dark energy or effective dark energy, the statefinder
parameters (r, s) have been introduced [76]. This pair (r, s)
is defined as

a r—1 26)
r=—s, §=——,
at? 3(a=3)
with ¢ = —aii/a” being the deceleration parameter. Since

H and g are composed from the scale factor a and its first
and second order of derivatives, the geometric parameter r
is then naturally related to the next order of derivative. And
s is a combination of » and ¢. Based on the values of the
pair (7, s), the (effective) dark energy models can be put into
three categories:

1, s < 0, Chaplygin gas model;
1, s > 0, quintessence models;
1, s = 0, the standard ACDM model.

r >
r<

Using the best-fitted parameters in Table 1, we plot the r-
s diagram of our model in Fig. 7, where we also plot the
specific quintessence and Chaplygin gas models described
in Ref. [76] for comparison. One can see that our model
mimics a kind of Chaplygin gas model, and eventually it
will arrive at the ACDM point (1, 0). Therefore, the late
time behavior described in the previous subsection, i.e., that
the universe is currently experiencing a phantom-like dark
energy but eventually will enter a de Sitter phase, is originated
from the feature of the f(7') model.

Another useful tool to tell apart time-dependent dark
energy models is the Om diagnostic [77]. Om is defined
as

2 2_1
om (z) = L =1
1+27 -1

which provides a null test of the (effective) dark energy being
a cosmological constant A. The sloping of the trajectory on

27)

@ Springer

our model

05 Quintessence

- Chaplygin gas

Fig. 7 The statefinder pair (r, s) for our model, as well as a specific
quintessence model and a Chaplygin gas model described in [76]. The
solid rounded points on the lines indicate the present states. The solid
rounded point at (0, 1) denotes the ACDM model

0.6 q

P our model

- Quintessence

------ Chaplygin gas

om

03 q

0.0 0.5 1.0 15 20 2.5 3.0

Fig. 8 Om-z diagram for our model, as well as a specific quintessence
model and a Chaplygin gas model described in [76] for contrast

the Om-z diagram is used to categorize the different types
of (effective) dark energy:

e a negative slope indicates a quintessence type of dark
energy;

e a positive slope indicates a phantom-like dark energy;

e ACDM model gives a horizontal line.

In Fig. 8 we plot the Om-z diagram of our model, as well
as those of a specific quintessence model and a Chaply-
gin gas model described in Ref. [76] for comparison. Obvi-
ously, the viscous f(7') model under consideration provides
a phantom-like effective dark energy like the Chaplygin gas
model, which is in accordance with the effective EOS w (7
shown in Fig. 6.

4.4 Hubble tension

Recently, more precise observations seem to reveal that there
are discrepancies among the values of the cosmological
parameters fitted by the different datasets (see, e.g., Ref. [50]
for a historical review). One of the most shocking tensions
is between the inferences of Hy from the Planck CMB data,
reporting Hy = 67.4 + 0.5 km/(s Mpc) [68], and that from
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local distance ladder measurements by Hubble Space Tele-
scope (HST) which reports Hy = 74.03 £ 1.42 km/ (s Mpc)
[78]. The two different inferred values of Hy are at a4.40 dif-
ference. From Table 1, another immediate observation is that
in our model Hy is raised to a value close to the astrophys-
ical measurements by HST. Comparing with the vACDM
column, one can see that adding bulk viscosity corrections to
the material contents in the ACDM does not help with this
tension very much. A semi-quantitative explanation is that
an extra geometric term in the form 1/ T ~ 1/H? makes the
sloping of H over the cosmic time more gently than a dark
content with a constant energy density. This changes both
the sound horizon r{ given in (26) and the angular diameter
distance to the last-scattering surface

Z*
& = / 4z (28)
o H()
since both of which are integrands of 1/H over the cosmic
time (represented by the redshift z). While the peak spacing
of the CMB spectrum determines quite precisely the ratio
0* = r}/d%, a more gently sloping H may then lead to a
larger Hy. In this sense, the alleviation of the Hubble tension
in our model in fact comes from the 1/ T term of modification.
In the current work, the new model of viscosity allows one to
describe the early and late time evolution as a whole, which
makes it possible to compare the local and global measure-
ments of Hp and hence to discuss Hubble tension problem.
However, the viscosity terms that are not negligible in this
model also change the physics before the last scattering a
little bit, giving a slightly smaller sound speed of the photon-
baryon fluid and hence a smaller sound horizon r;, which
in turn slightly lower the Hy value. Nonetheless, the fitting
result shows that the inclusion of viscosities does not dimin-
ish the model’s successful alleviation of the Hubble tension.

5 Concluding remarks

In this work, we have studied the bulk viscous cosmology
under the framework of f(7") gravity. In order to consider
the whole evolutionary history including both the early time
prerecombination physics and late time acceleration, we have
proposed a new simple viscous model for the baryonic and
dark matters that absorbs the merits of the viscous models
in the literature. Due to the stringent constraints from the
observations, viscosities are not likely significant enough to
account for the accelerating expansion of the universe, we
therefore treat the viscosities as the corrections of imperfect-
ness to the fluid models of the baryonic and dark matters,
and leave the major drive of the acceleration to the f(T)
modification.

Using the CMB, BAO, Hz, and the Pantheon compilation
of SNIa data, we have performed an observational fit for the

cosmological and model parameters. The fitting result shows
that the two viscous coefficients in our model have differ-
ent signs, which means both the baryonic and dark matters
will lose or acquire energy due to the viscosities at different
times. Since the viscosity model considered in this work is
related to the material density, the baryonic and dark mat-
ters will have different rates of energy transference, and the
ratio between the densities of them will not be a constant.
Both the baryonic and dark matters acquire energy to the
cosmic expansion at early time, while they lose energy at
late time. The changes of directions of energy transference
happen at redshifts z = 8.87689, and 4.77607 for the bary-
onic and dark matters, respectively. In the future, they will
vanish in finite time due to dissipation, which will happen at
z = —0.803174 and —0.884895 for the baryonic and dark
matters, respectively.

With the fitting result, it is shown that our model can
recover the known history of the universe including the radia-
tion dominating era, matter dominating era, and the accelera-
tion era. The main contribution to the accelerating expansion
comes from the f(7") fluid of the modification. The diag-
nostic analyses show that our model mimics a phantom-like
dark energy. Nonetheless, at the future infinity, the universe
will eventually enter a de Sitter expansion phase.

The Hubble constant Hy is fitted to be 73.15 (km/s/Mpc),
significantly alleviating the Hubble tension. This is mainly
because the f(7) modification makes the sloping of H over
the cosmic time more gently, which raises the value of Hy
while fitting the CMB peak spacings. The viscosity in fact
acts in an opposite direction in this problem, namely, it makes
the sound horizon r}* slightly smaller and hence, lowers Hy
a little bit.

Conceptually, viscosity arises from the interaction
between material particles. However, a viscosity model that
contains only the geometric part, e.g., Eq. (6), will lead to a
corresponding term in the field equation that is purely geo-
metrical, which can in effect be interpreted as some mod-
ification to the spacetime geometry. That is, starting from
some modified gravity model without viscosity, one may
arrive in the same field equation. Or, one can understand
this the other way around. The viscosity may be yet another
physical interpretation of modified gravity. Similarly, a vis-
cous model involves both the energy of the matter and the
spacetime geometry can also be interpreted as some modified
gravity that considers nonminimal interactions between mat-
ter and gravity. For example, a nonminimal coupling f(T)
model without viscosity (see, e.g., Refs. [63,64]) may have
the same behavior as the viscous model considered in this
work. This is also referred to as the degeneracy of the vis-
cous cosmologies [41].

Nonetheless, viscosity is one of the realistic ways to con-
sider material interactions of the cosmic contents. The vis-
cous model we employ in this work, although based on the

@ Springer
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models in the literature, is chosen for simplicity. And we
have also assumed that it has the same form and has the
same coefficients for both the baryonic and dark matters.
A more sophistic model may start from the thermodynamic
theory that takes the dark matter model into account, and
should leave the viscous coefficients all to the observational
fit. Moreover, beyond this study of background evolution
of the cosmological model with viscosities in f(7') gravity,
the growth of perturbation should also be interesting once
viscosity is not negligible [27]. Future works can be done
considering these issues.
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