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The modification of gravity leads to the emergence of new degrees of freedom described by the
dynamical field, which can play a role of the dark energy and cause the late-time accelerated
expansion of the Universe. Besides the dark energy problem, it has been suggested that the
new particle derived from the modified gravity can be a dark matter candidate. Recently, we
investigated the above scenario in fA€R) gravity. TheF (R) gravity includes the extra scalar

field in addition to the graviton. Since this scalar field originates from the gravitational theory;, it
has very weak interactions with the standard model particles. Moreover, the scalar field becomes
heavy in the high-density region because of the chameleon mechanism. These two properties
suggest that the scalar field can be the cold dark matter. We discuss the nature of this scalar field
in the framework of particle physics and evaluate the lifetime of the new scalar particle.
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1. Introduction

The modified gravity theory has been intensively investigated so far to study the dark energy
(DE). The modification of gravity brings a new degree of freedom, which can mimic the role
of the cosmological constant, so that one can explain the late-time cosmic acceleration without
introducing the ad hoc cosmological constant. In addition to the DE problem, it has been suggested
that a new particle derived from the modification of gravity can be a dark matter (DM) candidate
[. In this scenario, one might be able to predict the ratio of the DE to the DM with respect to the
energy density today. We study the DM candidate derived fronk (R gravity.

2. F(R) gravity and the Weyl transformation

The action ofF (R) gravity defined as follows:
1
S= 2K2 /d4X —gF(R) + Svatter: (2.1)

wherek? = 811G = 1/Mp2)I and My, is the reduced Planck masB.(R) is a function of the Ricci
scalarR: e.g. F(R) = R in general relativity. The matter actidBarer is defined asSyatter =
i d4x\ﬁg$Matter(g“", W) where Zuater is the matter Lagrangian density aftdienotes the matter
fields.

Next, we transform the metric &g, — Guv = ez\/%K¢guv. This transformation is called the
Weyl transformation. Under the Weyl transformation with a chaké/6x9 = Fr(R), the action
(2. is transformed into the following form:

_ 1 14 =13
S—ﬁ/dx\/—gR
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Here,Fr(R) = drF (R) for our convention. The gravitational theory described as in the a@i@h (
is called the scalar-tensor theory: the scalar fig{d) acts as the gravitational force besides the
tensor fieldgy,,.

Finally, we consider the effect of the scalar field to the matter sector. According to the Weyl
transformation, the matter sector in the acti@d) is given by the following form:

Sr\/latter:/d4x\/—>g(:f4 /8K A ratter (gw = ez\/%K(p@W,qJ) . (2.3)

One finds that the dilatonic coupling between the scalar f#¢ld to the matter field$/(x) shows
up in 3 after the Weyl transformation. Hereafter, we call this scalar field as scalaron.

3. Chameleon Mechanism

Constraints from the violation of the equivalence principle in the Solar System often exclude
modifications of gravity although the modifications are required for the DE on the cosmological
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scale. Therefore, we need to suppress the fifth force mediated by the new degree of freedom only
in the smaller scale. Viable models BfR) gravity have a chameleon mechanism to screen the
fifth force mediated by the scalaron and avoid the constraint.

We now consider the equation of motion for the scalaron field. By variatio.8f (vith
respect to the scalaron fiefd we obtain the equation of motion of the scalaron:

D¢ =Vin(9), (3.1)
oy zv’<¢>+%e-4 Lekoit (3.2)

We find that the scalaron couples to the trace of the energy-momentum tensor in the equation of
motion.

To see how the chameleon mechanism works, we consider the Starobinsky BjddeEk-
ample. The action of the Starobinsky model is defined as

F(R) =R—BR [1— (1+ E;)n]

with constant:, 3, andR. > 0. R: is constant curvature in the Starobinsky model, which is
comparable to the cosmological constBat- A. Moreover, we consider the non-relativistic perfect
fluid with the constant energy density for simplicity. The trace of energy-momentum tensor is then
expressed a§‘f, = g"YTyw = —p. In the large curvature limiR/R; > 1, we obtain the expression

of the scalaron mass

(3.3)

N Re sz 2(n+1)
i ~6n(2n+1)B < Re ) '

Therefore, ifp is larger, the scalaron becomes heavier: in the bulk of the Universe, where the
energy density is very small, the scalaron can be very light and produce the effective cosmological
constant. On the other hand, in or around the massive objects, the Solar System or the Earth,
the scalaron becomes heavy. Then, the Compton wavelength becomes short, and the scalaron is
screened.

4. Scalaron as Dark matter

We recall the properties of the scalaron: (1) after the Weyl transformation, dilatonic interac-
tions between the scalaron and the standard model (SM) particles appear, which is suppressed by
the Planck masg = 1/My; (2) the scalaron mass is very large in the large curvature regime be-
cause of the chameleon mechanism. These two characteristic properties of the scalaron imply that
a massive field weakly coupled with SM patrticles emerges. Therefore, it suggests that the scalaron
could be a cold DM.

It is necessary to determine the form and magnitude of couplings between the scalaron and
the SM particles described by the acti@d). To take into account the chameleon mechanism, we
consider the large curvature limit>> R;, corresponding to the weak coupling limi¢ | < 1. In
this limit, we can expand the dilatonic couplietf’ .
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In case of a massless field, the coupling with the scalaron does not appear because of the clas-
sical conformal invariance. For a massless vector #gl(k), one finds that the action is invariant
under the Weyl transformation,

s [
S\AasslessVector:/d4X\/ —g [_4gaungFGBFHV] ) (4-1)

whereF,, = d A, — d,A,. For a massless fermion fielfi(x), the action is transformed as

| s Tk e 3 1 s /e .
S\AasslessFermion_—/d4X\/ —g [e 3V1/6 ¢|L»UV“DHW_2I\/;K€ V6 (dlld’) LUV“L#] . (4-2)

Although the couplings between the scalaron and fermion seem to remain, one may transform the
action &9 into the canonical form by redefining the fermion fighd— ' = e 3/2V1/6ké

S\/IasslessFermion_—/d4X\/ _giﬁf’“ iu Y (4.3)

Thus, one can eliminate the scalaron coupling by the field redefinition in classical dynamics.

The scalaron disappears from the action but would be transferred to the path integral measure
because the field redefinition involves the scalaron field. The modified path integral measure in-
duces the scale anomaly, then, the couplings with massless vector fields with the gauge coupling
constang show up

A _ 3¢ (31 tr[F2,] + 0(k%¢? 4.4
MasslessVector— 4(47_[)2 2 6K¢ [ uv]+ (K ¢ ) ( : )

In case of massive fields, one finds the coupling through the mass terms. So, the coupling
between the scalaron and massive vector #¢ld is given by
_2k¢ 1
= 2

For the massive fermion fielg/(x), after the canonical normalizatiog/(= e %/2V /¢ ) we
find

gMassiveVector(g”v,Au, ¢) mﬁ@”"AuAv + ﬁ(K2¢2) . (4.5)

gMassiveFermior(QUlv ¢) :’\(/% M ll7’llf' + ﬁ(sz’z) : (4-6)

5. An effective model and lifetime of scalaron particle

We first expand the scalaron fiejdaround the background solutign= @min: ¢ = @ + dmin,
and treat the fluctuatiof as a particle. As we have seen, the scalaron potential changes through
the chameleon mechanism according to the trace of the energy-momentum tensor. In order to take
the chameleon mechanism into account properly, we need to specify the energy-momentum tensor.
In this work, we assume that the bulk which consists of the SM particles is described by the perfect
fluid, and the energy density is namely given apew ~ (100GeVj*. Becausek ¢min| < 1, the
scalaron coupling to the SM is approximately given by

Suater [ dxy/~Ge VD g, (VG ) 5.1
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so that we utilize the result in the previous section just by replaging ¢. Note that the environ-
ment dependence still implicitly remains in the scalaron mass.

For the scalaron to be a DM candidate, the scalaron lifetime has to be longer than the age of
the universe. Studying the all decay channels to the SM patrticles, we find the upper limit of the
scalaron masg:

my < 0.23GeV. (5.2)

Finally, we convert the mass bouifilZ) into the constraint on thEé (R) function. For the Starobin-
sky model withBR. = 2/, the scalaron mass is given by substituting pgw into Eq. 3. Then,
we findB <1079 forn=1, andp < 107>°for n= 4.

6. Summary and Discussion

We have studied the scalaron field in fhéR) gravity from the viewpoint of particle physics.

We have assumed that the scalaron is a DM candidate and evaluated its lifetime from the decay to
the SM particles. We finally have placed the constraint on the scalaron mass.

We have obtained the constraint on the param@tierthe Starobinsky model and found that
B should be extremely small for the scalaron to be a DM although it is desired & befor
the modified gravity to be a solution for the DE problem. This is because that the chameleon
mechanism is designed to make the scalaron massive in the high-density region to avoid the Solar
System constraint. The scalaron, however, should not be too heavy because we expect that the
scalaron plays the role of a DM candidate in our scenario. Thus, the chameleon mechanism is the
origin of discrepancy although it is one of the essences in our scenario.

However, we are still left with open questions to avoid the incompatibility because some as-
sumptions were made to derive the constraint on the pararfietier order to resolve the incom-
patibility, we need to consider new methodology or effective models. Besides, we will also study
and improve the methods to study the thermal history, relic abundance, and prediction for direct
detection of the scalaron.
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