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Direct couplings of mimetic dark matter and their cosmological effects *
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Abstract: The original mimetic model was proposed to take the role of dark matter. In this paper we consider

possible direct interactions of mimetic dark matter with other matter in the universe, especially standard model

particles such as baryons and photons. By imposing shift symmetry, the mimetic dark matter field can only have

derivative couplings. We discuss the possibilities of generating baryon number asymmetry and cosmic birefringence

in the universe based on the derivative couplings of mimetic dark matter to baryons and photons.
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1 Introduction

The proposed mimetic model [1] was first considered
as an extension of general relativity, in which the phys-
ical metric gµν is constructed in terms of an auxiliary
metric g̃µν and a scalar field φ, as follows:

gµν =g̃µν g̃
αβφαφβ/M 4

1 , (1)

where φα ≡∇αφ denotes the covariant derivative of the
scalar field with respect to spacetime coordinates, and
M1 represents a certain mass scale so that the metric is
dimensionless. Here we use the convention of most neg-
ative signature for the metrics. Usually when discussing
the mimetic model in the literature, people use the con-
vention of unit reduced Planck mass M 2

p =1/(8πGN)=1
and only consider the case where M1 = Mp = 1. In
this paper we will show these mass scales explicitly and
consider the general cases where M1 is a different scale
from Mp. In terms of this transform (1) the conformal
mode of gravity is isolated to the scalar field in a covari-
ant way and the physical metric is invariant under the
Weyl rescalings of the auxiliary metric. By varying the
Einstein-Hilbert action, which is constructed from the
physical metric gµν , with respect to the auxiliary metric
and the scalar field, the resulting equations contain the
Einstein equation and an equation of motion for an ex-
tra scalar mode which can mimic cold dark matter in the
universe, so it is dubbed mimetic dark matter [1]. Later,
as shown in Refs. [2–4], without introducing the auxil-
iary metric the mimetic matter can also be considered as
a new scalar component with the constraint φµφµ=M 4

1 .

Such a constraint can be realized by a Lagrange multi-
plier λ in the action, that is, the action can be written
as,

S=

∫
d4x

√
g

[
M 2

p

2
R+λ(φµφµ−M 4

1 )

]
+Sm , (2)

where g=−det|gµν | and Sm is the action for other mat-
ter in the universe. These two points about the mimetic
model are equivalent, at least classically. We will take
the second point in this paper, as has been done in most
papers on the mimetic model.

The mimetic model was generalized in Ref. [5] to
include a potential V (φ), so that the mimetic matter
obtains a pressure p = −V (φ). This is very similar to
the generalization in Ref. [6] for the dusty fluid model.
With a potential, the mimetic model has many applica-
tions in cosmology, e.g., it can provide inflation, bounce,
dark energy, and so on. This has stimulated much in-
terest in the literature. For instance, its relation with
disformal transformations [7] was discussed in Refs. [8–
10], the Hamiltonian analyses were given in Refs. [11],
it has been applied in various modified gravity models
[12–23], and has also been studied with extensive cos-
mological and astrophysical interests [24–35]. The insta-
bility problem of the cosmological perturbations of the
mimetic model with higher derivatives was recently stud-
ied in Refs. [36–42]. Some other recent progress on this
topic can be found in Refs. [43–45].

In this paper, we will consider the direct couplings of
the mimetic field to other matter in the universe, espe-
cially the couplings to baryons and photons in the uni-
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verse. We will concentrate on the original mimetic model
[1] where the mimetic field has the action in Eq. (2) and
mimics the dark matter in the universe. This model has
shift symmetry, i.e., the action is invariant under the
field shift φ→φ+C by a constant C. We think that it is
the shift symmetry that excludes the potential V (φ) and
guarantees the mimetic field to be dark matter. In addi-
tion, the shift symmetry prevents any interactions other
than derivative couplings of the mimetic dark matter to
the rest of the world. In this paper we will study the
possible derivative couplings mimetic matter can have
to baryons and photons, and their corresponding effects
in cosmology.

This paper is organized as follows. In Section 2, we
introduce briefly some properties of mimetic dark matter
with a derivative coupling to the matter current. Then
in Section 3, we will apply it to the baryogenesis model
based on the coupling to baryons. The derivative cou-
plings to photons and their implications in cosmology
will be investigated in Section 4. Finally, we will con-
clude in Section 5.

2 Mimetic dark matter with derivative

coupling

When considering the direct interaction between the
mimetic field and other matter content, the original ac-
tion (2) becomes

S =

∫
d4x

√
g

[
M 2

p

2
R+λ(gµν∇µφ∇νφ−M 4

1 )

]

+

∫
d4x

√
gLint+Sm . (3)

As we mentioned in the previous section, the imposed
shift symmetry requires that the interacting Lagrangian
density Lint can only depend on the derivatives of φ. Its
simplest case is given by the following operator,

Lint=
1

M2

∇µφJµ , (4)

where Jµ is the matter current associated with a certain
quantum number1). The operator ∇µφJµ has the mass
dimension of five, so we need to introduce another mass
scale M2 to suppress it. The matter current is inversely
proportional to the tensor density

√
g. For example, in

a system of particles, the current can be defined as [46],

Jµ=
1√
g

∑

n

qn

∫
dxµ

nδ4(x−xn) , (5)

where qn is the charge taken by the nth particle, xµ
n is

its coordinate, and δ4(x−xn) is the Dirac delta func-
tion. So the coupling term in the action is independent
of the metric and has no contribution to the total energy-

momentum tensor, which is the same as that of the orig-
inal mimetic dark matter model [1]:

T̃ µν=2λ∇µφ∇νφ+T µν , (6)

where
T µν=− 2√

g

δSm

δgµν

, (7)

which is the energy-momentum tensor of matter.
The gravitational field equation becomes

Gµν≡Rµν−
1

2
Rgµν =− 1

M 2
p

T̃µν , (8)

and its trace gives the Lagrange multiplier

2λ=−
M 2

pG+T

M 4
1

, (9)

where G is the trace of the Einstein tensor and should
not be confused with the Newton constant, and T is the
trace of the energy-momentum tensor of matter. With
this one can see that the energy-momentum tensor of the
mimetic field has the form of a perfect fluid:

T µν

φ =−(M 2
pG+T )uµuν , (10)

where the four velocity uµ =∇µφ/M 2
1 , which is normal-

ized as gµνu
µuν =1. This is given by the mimetic con-

straint, gµν∇µφ∇νφ=M 4
1 . The energy-momentum ten-

sor (10) shows that the mimetic matter is indeed dust-
like, its pressure vanishes and its energy density is given
by

ρφ=−(M 2
pG+T ) . (11)

Hence, we see that the mimetic field can mimic the dark
matter in the universe and the derivative coupling intro-
duced in the action (3) does not change this consequence.

However, this derivative coupling will modify the
equation of motion of the mimetic field to

2λ�φ+2∇µλ∇µφ+
1

M2

∇µJµ=0 , (12)

where �≡∇µ∇µ. This shows that if the current is con-
served, such a coupling vanishes and has no effect. How-
ever, when coupled to a non-conserved current, one can
easily find that the above equation is equivalent to

∇µT µν=
1

M2

∇µJµ∇νφ , (13)

which shows that there will be exchange of energy and
momentum between mimetic dark matter and other mat-
ter. This effect is suppressed by M2.

3 Mimetic dark matter and baryogenesis

In this section we consider the case where the current
in Eq. (4) is the baryon current, Jµ=Jµ

B. In the standard

1) A similar interaction has been proposed in Ref. [44]. There, Jµ =ρuµ is the energy flux current of the matter and is different
from the one considered here.
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model of particle physics, baryon number is conserved at
low energy scales or low temperature, but it is violated
at the high energy scales which were present in the early
universe. Considering the Friedmann-Robertson-Walker
(FRW) universe in which the mimetic field is homoge-
neous and has non-zero time derivative, φ̇ = M 2

1 , the
coupling ∇µφJµ

B/M2 reduces to

1

M2

∇µφJµ
B→ φ̇

M2

J0
B=

M 2
1

M2

nB=
M 2

1

M2

(nb−nb̄) , (14)

where nB is the net baryon number density. In such a
background with non-vanishing φ̇, the Lorentz symme-
try (more exactly the boost symmetry) is broken and
correspondingly the CPT symmetry in the baryon sec-
tor is violated. Such a CPT violation will make a differ-
ence between baryons and anti-baryons. In the early uni-
verse, when the baryon number violating processes were
in thermal equilibrium, the derivative coupling induced
an effective chemical potential for baryons and an oppo-
site potential for anti-baryons [47], see also Refs. [48, 49],

µb=
φ̇

M2

=
M 2

1

M2

=−µb̄ , (15)

so they have different thermal distributions and one will
get a temperature dependent baryon number density
[50],

nB=nb−nb̄=
gbµbT

2

6
, (16)

where gb =2 is the number of degrees of freedom of the
baryon and T is the temperature. On the other hand,
the entropy density of the universe is given by [50]

s=
2π

2

45
g
∗sT

3 , (17)

where g
∗s counts the effective degrees of freedom of the

species which contribute to the entropy of the universe,
and the main contributions come from relativistic par-
ticles. So usually s is approximately of the same order
of magnitude as the number density of radiation. With
this we can obtain the baryon-to-entropy ratio

nB

s
=

15gb

4π
2

µb

g
∗sT

=
15

2π
2

M 2
1

g
∗sM2T

∼10−2 M 2
1

M2T
, (18)

where we have considered the fact that g
∗s∼100 in the

radiation dominated epoch well before the electroweak
phase transition [50].

This provides a model for producing the baryon num-
ber asymmetry thermally. These kinds of models are dif-
ferent from the conventional baryogenesis models where
three conditions must be satisfied as first proposed by
Sakharov [51], one of which is the departure from thermal
equilibrium. The key point leading to the baryon number
asymmetry in the model considered here is CPT viola-
tion. Similar models were proposed in Ref. [47], where
the scalar field was not determined, in Refs. [48, 49],

where the scalar field was identified with the dark en-
ergy, and in Refs. [52, 53], where the scalar field was
related to the curvature scalar. The baryogenesis model
in Refs. [48, 49] gives a picture where the current accel-
erating expansion of the universe (driven by dark energy)
and the generation of baryon number asymmetry can be
described uniformly in the same framework. The model
considered here gives another picture, where it is the
dark matter (the mimetic field) that plays an important
role in producing the baryon number asymmetry.

Equation (18) shows that the baryon number asym-
metry was less at earlier times (higher temperature) and
became larger at later times with the decreasing of the
temperature. This asymmetry froze out at the tempera-
ture TD when the baryon number violating interactions
decoupled from the thermal bath,

(nB

s

)

D

∼10−2 M 2
1

M2TD

. (19)

After that, baryon number is conserved and the cou-
pling in Eq. (4) will have no effect on baryons. The
baryon number asymmetry in our current universe is
about (nB/s)D ∼ 10−10, as required by big bang nu-
cleosynthesis and the observational data of the cosmic
microwave background radiation (CMB) [54]. Further-
more, the decoupling temperature TD of baryon number
non-conservation is around 100 GeV as known from the
standard model, so we have the relation

M1∼10−3
√

M2 GeV . (20)

This shows that the scale M1, which quantifies the time
derivative of the mimetic field, cannot be very large.
Even if the scale M2 is as large as the Planck mass
Mp∼1018 GeV, M1 is around 106 GeV.

The consequence (19) also implies that the baryon
isocurvature perturbation produced in this model is neg-
ligibly small. Baryon isocurvature perturbation is the
spatial fluctuation of the baryon-to-entropy ratio. Equa-
tion (19) shows that this ratio is quite homogeneous,
because it is only determined by the scales M1, M2 and
the decoupling temperature TD, which is further fixed by
the parameters of the standard model.

We can also turn to the leptogenesis model in which
we replace the baryon current in Eq. (4) with the B−L
current, where L denotes the lepton number. In this
leptogenesis model, we will have the same result (19)
except that TD is the decoupling temperature of interac-
tions which violate B−L instead of the baryon number.
From the viewpoint of particle physics, this decoupling
temperature is usually much higher than the electroweak
scale, so the scale M1 can be relatively larger.

4 Cosmic birefringence induced by

mimetic dark matter

In this section we will consider the derivative coupling
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of mimetic dark matter to photons via the term (4), in
which Jµ constructed from the electromagnetic field is
the Chern-Simons current,

Jµ=AνF̃
µν , (21)

where F̃ µν = (1/2)εµνρσFρσ denotes the dual tensor of
the electromagnetic tensor, which is defined as Fµν =
∂µAν−∂νAµ. The divergence of this current is propor-
tional to the Chern-Pontryagin density,

∇µJµ=
1

2
FαβF̃ αβ . (22)

Such a coupling conserves gauge invariance but induces
Lorentz and CPT violations in the photon sector with the
non-trivial background of the mimetic field. The effect
of the Chern-Simons term is to rotate the polarization
directions of photons when they propagate within this
backgound [55, 56]. For CMB, the rotation angle is [57]

χ=
1

M2

(φlss−φ0) . (23)

This phenomenon is dubbed cosmic birefringence in the
literature. In the above equation, the subscript lss
means the last scattering surface, at which CMB pho-
tons decouple with matter, and 0 represents the value
at the present time. Usually this angle is anisotropic
and its anisotropy depends on the distribution of φlss on
the last scattering surface, which means the rotation an-
gle is direction-dependent. However, at the background
(at the leading order) the mimetic constraint leads to
φ=M 2

1 t, and we will have an isotropic rotation angle,

χ=
M 2

1

M2

(tlss−t0) . (24)

More detailed discussions on the anisotropic rotation can
be found in Refs. [57–59]. In the model considered here,
the anisotropy of the rotation angle, which depends on
the fluctuation of φlss, is negligibly small due to the
mimetic constraint. Because tlss is much smaller than
t0∼1/H0, where H0 is the current Hubble rate, the ro-
tation angle is about

χ∼− M 2
1

M2H0

. (25)

Cosmic birefringence will change the power spectra of
CMB polarization [60–62] because it will convert part
of the E-mode polarization to the B-mode. This result
makes it possible to measure the rotation angle in terms
of the CMB observational data, as was first done in Ref.
[62]. This has been developed into an important and
precise method to test CPT symmetry. Currently, the
upper limit on the rotation angle is about O(1◦) [63]1).
Using the radian measure, the constraint on the rotation
angle is |χ|.10−2. With Eq. (25), this requires

M1.0.1
√

M2H0∼10−22
√

M2 GeV , (26)

where we have considered H0 ∼ 10−43 GeV. This result
shows that M1 should be extremely small. For example,
if we set M2 = Mp, M1 . 10−4 eV. Compared with the
requirement of baryogenesis in the previous section, the
scale M1 should be much smaller, otherwise the rotation
angle or the CPT violating signal would exceed the limit
from the observational data.

One can generalize these discussions to the cases of
higher order couplings, i.e., coupling terms containing
higher dimensional operators. We insist on discussing
those interactions conserving the gauge invariance of
the electromagnetic field and the shift symmetry of the
mimetic dark matter. We also exclude coupling terms
which explicitly break Lorentz covariance. The next or-
der coupling satisfying these requirements is the follow-
ing dimension-7 operator,

Lint =
ξ

M 3
2

φρ(∇ρFµν)F̃ µν , (27)

where ξ is a dimensionless coupling constant which is
usually thought to be of order one. This coupling term
can be translated into the familiar form after some cal-
culations, as shown below,

Lint =
ξ

M 3
2

φρ(∇ρFµν)
1

2
εµναβFαβ

=
ξ

M 3
2

φρ∇ρ(Fµν

1

2
εµναβFαβ)

− ξ

M 3
2

φρFµν

1

2
εµναβ∇ρFαβ

=
ξ

M 3
2

φρ∇ρ(Fµν F̃ µν)−Lint , (28)

so that

Lint =
ξ

2M 3
2

φρ∇ρ(Fµν F̃ µν)→− ξ

2M 3
2

�φFµν F̃ µν

→ ξ

M 3
2

(∇µ�φ)Aν F̃ µν , (29)

where the arrows denote equivalences up to some to-
tal derivative terms. This interacting Lagrangian den-
sity together with

√
g is not a topological term and

will contribute to the energy-momentum tensor which
sources the gravitational field. However, it is easy to
see that this contribution is proportional to the Chern-
Pontryagin density Fµν F̃ µν of the electromagnetic field.
This is extremely small during the period from last scat-
tering to now. This period is much later than the ra-
diation dominated epoch, and we can safely neglect the
back-reaction of this term to spacetime. What we focus
on is the rotation angle of CMB polarization induced by
this coupling. According to the discussions in the previ-
ous section, the rotation angle should be

χ=
ξ

M 3
2

(�φlss−�φ0)=3ξ
M 2

1

M 3
2

(Hlss−H0)∼
M 2

1

M 3
2

Hlss , (30)

1) In the future, the ground-based CMB experiment AliCPT, located in the Ali region of Tibet, China, should be able to detect a
rotation angle as small as 0.01◦ [64, 65].
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where we have considered the equation

�φ=φ̈+3Hφ̇=3HM 2
1 , (31)

and neglected H0 when compared with Hlss∼10−38 GeV.
From the observational constraint on the rotation angle
|χ|.10−2, we have

M1.1018M2

√
M2

GeV
. (32)

This is automatically satisfied as long as the scale M2 is
above 1 GeV, because M1 should be less than Mp. How-
ever, if M2 is much higher than 1 GeV, the rotation angle
induced by the coupling in Eq. (27) would be too small
to be detected.

Dimension-8 operators can be built as φρφρFµν F̃ µν

and φρφµFρν F̃ µν . The former has no effect because the
mimetic constraint φρφρ = M 4

1 renders this term to be
the Chern-Pontryagin density (except a constant coeffi-
cient), which is a total derivative and can be dropped out
from the total action. The latter operator is the same

as the former up to a constant factor, as shown in the
Appendix. Hence, both dimension-8 operators have null
effect.

5 Conclusion

In this paper, we have considered some direct inter-
actions of mimetic dark matter to baryons and photons
in the universe. With shift symmetry, the mimetic field
can only couple to other matter derivatively. These cou-
plings have null or negligible back reactions to the space-
time and will not spoil the successes of the standard
cosmological model. However, the mimetic field has a
non-trivial background with constant but non-vanishing
time derivative. Within this background the Lorentz and
CPT symmetries are broken spontaneously. In terms of
this feature, we have constructed models to generate the
baryon number asymmetry at thermal equilibrium and
the cosmic birefringence in the CMB, and showed possi-
ble links between dark matter and other observable phe-
nomena in our universe.

Appendix A

Here we will prove that the operator φρφµFρν F̃ µν in four
dimensional spacetime is equal to φρφρFµν F̃ µν up to a con-
stant factor. For this we expand it as

φ
ρ
φµFρν F̃

µν = φiφ
j
Fj0F̃

i0+φ0φ
0
F0kF̃

0k+φ0φ
i
FikF̃

0k

+φiφ
0
F0kF̃

ik+φiφ
j
FjkF̃

ik
. (A1)

First, we can see that the third and forth terms on the right-
hand side of the above equation vanish. Using the electric
and magnetic vector fields ~E, ~B and the relations F0k ∼Ek,
Fij ∼εijkBk, F̃ 0k ∼Bk, F̃ ij ∼εijkEk, it is easy to show that
the third term is roughly

φ0φ
i
FikF̃

0k∼φ0(∇φ× ~B)· ~B=0 , (A2)

and the fourth term is

φiφ
0
F0kF̃

ik∼φ
0(∇φ× ~E)· ~E=0 . (A3)

The first and fifth terms on the right-hand side of Eq. (A1)
can be combined as

φiφ
j
Fj0F̃

i0+φiφ
j
FjkF̃

ik=φiφ
j
ε
0ikl

(
1

2
F0jFkl+F0lFjk

)

=
1
√

g
(φ1

φ1+φ
2
φ2+φ

3
φ3)(F01F23+F02F31+F03F12)

=
1

2
φ

i
φiε

0kjl
F0kFjl=φ

i
φiF0kF̃

0k
. (A4)

So, Eq. (A1) is

φ
ρ
φµFρνF̃

µν = φ0φ
0
F0kF̃

0k+φ
i
φiF0kF̃

0k=φρφ
ρ
F0kF̃

0k

=
1

4
φρφ

ρ
Fµν F̃

µν
, (A5)

and at the last step we have considered

Fµν F̃
µν = F0kF̃

0k+Fk0F̃
k0+FijF̃

ij =2F0kF̃
0k+Fijε

ij0k
F0k

= 4F0kF̃
0k

. (A6)

References

1 A. H. Chamseddine and V. Mukhanov, JHEP, 1311: 135
(2013) doi:10.1007/JHEP11(2013)135 [arXiv:1308.5410 [astro-
ph.CO]]

2 A. Golovnev, Phys. Lett. B, 728: 39 (2014)
doi:10.1016/j.physletb.2013.11.026 [arXiv:1310.2790 [gr-qc]]

3 A. O. Barvinsky, JCAP, 1401: 014 (2014) doi:10.1088/1475-
7516/2014/01/014 [arXiv:1311.3111 [hep-th]]

4 K. Hammer and A. Vikman, arXiv:1512.09118 [gr-qc]
5 A. H. Chamseddine, V. Mukhanov and A. Vikman,

JCAP, 1406: 017 (2014) doi:10.1088/1475-7516/2014/06/017
[arXiv:1403.3961 [astro-ph.CO]]

6 E. A. Lim, I. Sawicki, and A. Vikman, JCAP, 1005: 012 (2010)
doi:10.1088/1475-7516/2010/05/012 [arXiv:1003.5751 [astro-
ph.CO]]

7 J. D. Bekenstein, Phys. Rev. D, 48: 3641 (1993)
doi:10.1103/PhysRevD.48.3641 [gr-qc/9211017]

8 N. Deruelle and J. Rua, JCAP, 1409: 002 (2014)
doi:10.1088/1475-7516/2014/09/002 [arXiv:1407.0825 [gr-qc]]

9 F. Arroja, N. Bartolo, P. Karmakar, and S. Matarrese,
JCAP, 1509: 051 (2015) doi:10.1088/1475-7516/2015/09/051
[arXiv:1506.08575 [gr-qc]]

10 G. Domnech, S. Mukohyama, R. Namba, A. Naruko, R. Saitou,
and Y. Watanabe, Phys. Rev. D, 92(8): 084027 (2015)

015101-5



Chinese Physics C Vol. 42, No. 1 (2018) 015101

doi:10.1103/PhysRevD.92.084027 [arXiv:1507.05390 [hep-th]]
11 O. Malaeb, Phys. Rev. D, 91(10): 103526 (2015)

doi:10.1103/PhysRevD.91.103526 [arXiv:1404.4195 [gr-qc]]
12 M. Chaichian, J. Kluson, M. Oksanen, and A. Ture-

anu, JHEP, 1412: 102 (2014) doi:10.1007/JHEP12(2014)102
[arXiv:1404.4008 [hep-th]]

13 S. Nojiri and S. D. Odintsov, Mod. Phys. Lett. A,
29(40): 1450211 (2014) doi:10.1142/S0217732314502113
[arXiv:1408.3561 [hep-th]]

14 G. Leon and E. N. Saridakis, JCAP, 1504(04): 031 (2015)
doi:10.1088/1475-7516/2015/04/031 [arXiv:1501.00488 [gr-qc]]

15 A. V. Astashenok, S. D. Odintsov, and V. K. Oikonomou,
Class. Quant. Grav., 32(18): 185007 (2015) doi:10.1088/0264-
9381/32/18/185007 [arXiv:1504.04861 [gr-qc]]

16 R. Myrzakulov, L. Sebastiani, and S. Vagnozzi, Eur. Phys.
J. C, 75: 444 (2015) doi:10.1140/epjc/s10052-015-3672-6
[arXiv:1504.07984 [gr-qc]]

17 S. D. Odintsov and V. K. Oikonomou, Annals Phys., 363: 503
(2015) doi:10.1016/j.aop.2015.10.013 [arXiv:1508.07488 [gr-qc]]

18 Y. Rabochaya and S. Zerbini, Eur. Phys. J. C, 76(2): 85 (2016)
doi:10.1140/epjc/s10052-016-3926-y [arXiv:1509.03720 [gr-qc]]

19 S. D. Odintsov and V. K. Oikonomou, Phys. Rev.
D, 93(2): 023517 (2016) doi:10.1103/PhysRevD.93.023517
[arXiv:1511.04559 [gr-qc]]

20 F. Arroja, N. Bartolo, P. Karmakar and S. Matarrese, JCAP,
1604(04): 042 (2016) doi:10.1088/1475-7516/2016/04/042
[arXiv:1512.09374 [gr-qc]]

21 G. Cognola, R. Myrzakulov, L. Sebastiani, S. Vagnozzi,
and S. Zerbini, Class. Quant. Grav., 33(22): 225014 (2016)
doi:10.1088/0264-9381/33/22/225014 [arXiv:1601.00102 [gr-
qc]]

22 S. Nojiri, S. D. Odintsov, and V. K. Oikonomou, Class.
Quant. Grav., 33(12): 125017 (2016) doi:10.1088/0264-
9381/33/12/125017 [arXiv:1601.07057 [gr-qc]]

23 S. D. Odintsov and V. K. Oikonomou, Phys. Rev.
D, 94(4): 044012 (2016) doi:10.1103/PhysRevD.94.044012
[arXiv:1608.00165 [gr-qc]]

24 H. Saadi, Eur. Phys. J. C, 76(1): 14 (2016)
doi:10.1140/epjc/s10052-015-3856-0 [arXiv:1411.4531 [gr-qc]]

25 L. Mirzagholi and A. Vikman, JCAP, 1506: 028 (2015)
doi:10.1088/1475-7516/2015/06/028 [arXiv:1412.7136 [gr-qc]]

26 J. Matsumoto, S. D. Odintsov, and S. V. Sushkov, Phys. Rev.
D, 91(6): 064062 (2015) doi:10.1103/PhysRevD.91.064062
[arXiv:1501.02149 [gr-qc]]

27 D. Momeni, K. Myrzakulov, R. Myrzakulov, and M. Raza, Eur.
Phys. J. C, 76(6): 301 (2016) doi:10.1140/epjc/s10052-016-
4147-0 [arXiv:1505.08034 [gr-qc]]

28 S. Ramazanov, JCAP, 1512: 007 (2015) doi:10.1088/1475-
7516/2015/12/007 [arXiv:1507.00291 [gr-qc]]

29 R. Myrzakulov, L. Sebastiani, S. Vagnozzi, and S. Zerbini,
Class. Quant. Grav., 33(12): 125005 (2016) doi:10.1088/0264-
9381/33/12/125005 [arXiv:1510.02284 [gr-qc]]

30 A. V. Astashenok and S. D. Odintsov, Phys. Rev.
D, 94(6): 063008 (2016) doi:10.1103/PhysRevD.94.063008
[arXiv:1512.07279 [gr-qc]]

31 A. H. Chamseddine and V. Mukhanov, JCAP, 1602(02): 040
(2016) doi:10.1088/1475-7516/2016/02/040 [arXiv:1601.04941
[astro-ph.CO]]

32 S. Nojiri, S. D. Odintsov, and V. K. Oikonomou, Phys. Rev.
D, 94(10): 104050 (2016) doi:10.1103/PhysRevD.94.104050
[arXiv:1608.07806 [gr-qc]]

33 E. Babichev and S. Ramazanov, Phys. Rev. D, 95(2): 024025
(2017) doi:10.1103/PhysRevD.95.024025 [arXiv:1609.08580
[gr-qc]]

34 A. H. Chamseddine and V. Mukhanov, Eur. Phys. J.
C, 77(3): 183 (2017) doi:10.1140/epjc/s10052-017-4759-z
[arXiv:1612.05861 [gr-qc]]

35 N. Sadeghnezhad and K. Nozari, arXiv:1703.06269 [gr-qc]
36 A. Ijjas, J. Ripley, and P. J. Steinhardt, Phys. Lett. B, 760: 132

(2016) doi:10.1016/j.physletb.2016.06.052 [arXiv:1604.08586
[gr-qc]]

37 H. Firouzjahi, M. A. Gorji, and A. Hosseini Mansoori,
arXiv:1703.02923 [hep-th]

38 S. Hirano, S. Nishi, and T. Kobayashi, JCAP, 1707(07): 009
(2017) doi:10.1088/1475-7516/2017/07/009 [arXiv:1704.06031
[gr-qc]]

39 Y. Zheng, L. Shen, Y. Mou, and M. Li, JCAP, 1708(08): 040
(2017) doi:10.1088/1475-7516/2017/08/040 [arXiv:1704.06834
[gr-qc]]

40 Y. Cai and Y. S. Piao, arXiv:1705.03401 [gr-qc]
41 Y. Cai and Y. S. Piao, arXiv:1707.01017 [gr-qc]
42 K. Takahashi and T. Kobayashi, arXiv:1708.02951 [gr-qc]
43 L. Sebastiani, S. Vagnozzi, and R. Myrzakulov, Adv. High En-

ergy Phys., 2017: 3156915 (2017) doi:10.1155/2017/3156915
[arXiv:1612.08661 [gr-qc]]

44 S. Vagnozzi, Class. Quant. Grav., 34: 18 (2017)
doi:10.1088/1361-6382/aa838b [arXiv:1708.00603 [gr-qc]]

45 M. A. Gorji, S. A. Hosseini Mansoori, and H. Firouzjahi,
arXiv:1709.09988 [astro-ph.CO]

46 S. Weinberg, Gravitation and Cosmology: Principles and Ap-

plications of the General Theory of Relativity (New York: Wi-
ley, 1972)

47 A. G. Cohen and D. B. Kaplan, Phys. Lett. B, 199: 251 (1987)
doi:10.1016/0370-2693(87)91369-4

48 M. Li, X. Wang, B. Feng, and X. Zhang, Phys. Rev. D,
65: 103511 (2002) doi:10.1103/PhysRevD.65.103511 [hep-
ph/0112069]

49 M. Li and X. Zhang, Phys. Lett. B, 573: 20 (2003)
doi:10.1016/j.physletb.2003.08.041 [hep-ph/0209093]

50 E. W. Kolb and M. S. Turner, The Early Universe, Front.
Phys., 69: 1 (1990)

51 A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz., 5: 32
(1967) [JETP Lett., 5: 24 (1967)] [Sov. Phys. Usp.,
34: 392 (1991)] [Usp. Fiz. Nauk, 161: 61 (1991)]
doi:10.1070/PU1991v034n05ABEH002497

52 H. Davoudiasl, R. Kitano, G. D. Kribs, H. Murayama,
and P. J. Steinhardt, Phys. Rev. Lett., 93: 201301 (2004)
doi:10.1103/PhysRevLett.93.201301 [hep-ph/0403019]

53 H. Li, M. Li, and X. Zhang, Phys. Rev. D, 70: 047302 (2004)
doi:10.1103/PhysRevD.70.047302 [hep-ph/0403281]

54 P. A. R. Ade et al (Planck Collaboration), Astron. As-
trophys., 594: A13 (2016) doi:10.1051/0004-6361/201525830
[arXiv:1502.01589 [astro-ph.CO]]

55 S. M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev. D, 41:
1231 (1990) doi:10.1103/PhysRevD.41.1231

56 S. M. Carroll, Phys. Rev. Lett., 81: 3067 (1998)
doi:10.1103/PhysRevLett.81.3067 [astro-ph/9806099]

57 M. Li and X. Zhang, Phys. Rev. D, 78: 103516 (2008)
doi:10.1103/PhysRevD.78.103516 [arXiv:0810.0403 [astro-ph]]

58 M. Kamionkowski, Phys. Rev. Lett., 102: 111302 (2009) doi:
10.1103/PhysRevLett.102.111302 [arXiv:0810.1286 [astro-ph]]

59 M. Li and B. Yu, JCAP, 1306: 016 (2013) doi:10.1088/1475-
7516/2013/06/016 [arXiv:1303.1881 [astro-ph.CO]]

60 A. Lue, L. M. Wang, and M. Kamionkowski, Phys. Rev. Lett.,
83: 1506 (1999) doi:10.1103/PhysRevLett.83.1506 [astro-
ph/9812088]

61 B. Feng, H. Li, M. z. Li, and X. m. Zhang, Phys. Lett. B, 620:
27 (2005) doi:10.1016/j.physletb.2005.06.009 [hep-ph/0406269]

62 B. Feng, M. Li, J. Q. Xia, X. Chen, and X. Zhang, Phys. Rev.
Lett., 96: 221302 (2006) doi:10.1103/PhysRevLett.96.221302
[astro-ph/0601095]

63 N. Aghanim et al (Planck Collaboration), Astron. Astro-
phys., 596: A110 (2016) doi:10.1051/0004-6361/201629018
[arXiv:1605.08633 [astro-ph.CO]]

64 Y. P. Li, Y. Liu, S. Y. Li, H. Li, and X. Zhang,
arXiv:1709.09053 [astro-ph.IM]

65 H. Li et al, arXiv:1710.03047 [astro-ph.CO]

015101-6


