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Abstract: F(R) gravity is a modified gravity theory, and its applications for the compact star have attracted atten-
tion in the last decades. We review the basics of the F(R) gravity theory and the modified Tolman-Oppenheimer-
Volkoff (TOV) equation. Recent studies show that the model dependence of equation of state (EOS) and modifica-
tion of gravity degenerate to each other, which suggests the mass-radius (M-R) relation of the compact star alone
cannot completely determine the EOS of the inner matter. Moreover, the effects of a new scalar field predicted in
F(R) gravity on both the internal and external structure of the compact star are illustrated in the benchmark R? mod-
el. Finally, We discuss the future directions for testing gravitational theories by observational measurements of the

compact stars.
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0 Introduction

Despite plenty of success in the standard model (SM)
of particle physics based on quantum field theory and that
of cosmology based on general relativity (GR), there are
unsolved problems in a wide range of energy scales, from
the dark side of the Universe to quantum gravity. In search
for new physics, gravitational theories alternative to GR,
known as modified gravity, have been intensively investig-
ated so far. The Lovelock theorem states that GR is a
unique metric theory whose equation of motion includes up
to the second-order derivatives in four-dimensional space-
timel! 2], However, various modified gravity theories,
which violate assumptions in the Lovelock theorem, have
been studied by modifying the Einstein-Hilbert action and
including, for instance, the higher derivatives of the metric
and new gravitational degrees of freedoml®> 1. Moreover,
from the perspective of cosmological observations, the re-
cent Hubble tension!!* 2] and Dark Energy Spectroscopic
Instrument (DESI) result!'>"'] motivate us to investigate
the cosmological models based on the modified gravity the-
ories.

F(R) gravity is one of the modified gravity theories!'> 7],
where the Einstein-Hilbert action in GR is replaced with a
function of the Ricci scalar R, F(R). This modification in-
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troduces an additional scalar degree of freedom (DOF), and
it is known that the F(R) gravity theory is equivalent to the
scalar-tensor theory!!'®! that describes GR coupled with the
scalar field. This scalar field can derive the accelerated ex-
pansion of the Universe, and F(R) gravity theory has been
investigated in the context of the dark energy[w*zz] and the
inflaton!>> 24, Moreover, from the perspective of particle
physics, the new scalar field has also been examined as the
dark matter candidatel>>>7] and the new particle beyond
SM[28_31].

Compact stars provide a multi-disciplinary research
field in high-energy physics involving astrophysics, particle
physics, and gravitational physics. In GR, the compact star
is described by the Tolman-Oppenheimer-Volkoff (TOV)
equation on the static and spherically symmetric spacetime.
Solving the TOV equation, we can compute the M-R rela-
tion of the compact star for a given EOS, and inversely, the
observations of the M-R relation can constrain the
EOSI32736], Recently, the study of compact stars has been
one of the main interests in modified gravity theories. Ob-
servations of phenomena around compact stars allow us to
test gravitational theories in a strong and nonperturbative
gravitational-field environment through the electromagnet-
ic signals and gravitational wavest3 7381,

The modified gravity predicts the modified TOV equa-
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tion and thus the different M-R relation, allowing us to dis-
tinguish the gravitational theories by the astrophysical ob-
servations. Thus, compact star physics is one of the phe-
nomenological applications of the modified gravity theory.
In F(R) gravity theory, the M-R relations have been well
studied for the neutron star (NS)[39746] as well as for the
quark stars and the white dwarfs[47 48], Existing works
have shown that the maximum mass of the compact star
can increase as the modification of gravity becomes signi-
ficant, which may explain the observed existence of
massive NS with ~ 2.0 M, 4°75% from the viewpoint of the
gravitational theory.

In this article, we briefly introduce the basic proper-
ties of the F(R) gravity in Sections 1 and 2 and the deriva-
tion of the modified TOV equation in Section 3. Then, we
review the following two points based on recent
results®' 2 in Sections 4~7. First, from theoretical as-
pects of F(R) gravity, measuring the M-R relation cannot
completely determine the EOS in the F(R) gravity theory
because the ambiguities in models of EOS and F(R) de-
generate with each other. Moreover, because the vacuum
solution for the spherically symmetric spacetime in the
F(R) gravity is not unique, the boundary conditions are to
be handled carefully. Second, from phenomenological as-
pects of the new scalar field, the scalar field influences the
internal and external structure of the compact star. The ex-
istence of the scalar field can be a unique signal distin-
guishing F(R) gravity from GR.

1 F@®) gravity theory and scalaron field

The action of F(R) gravity is defined as follows
1 4
- ﬁfd XV=gF(R)+Sy. (1)

g is the metric, and g = det(g,,) - x> = 87G where G is
Newton's gravitational constant, and S, is the matter ac-
tion. Performing the variation of the action (1) with respect
to the metric, we obtain the field equation:

1
2T;4v = FR(R)R;N - EF(R) g,uv + (g,uvD - V,uvv) FR(R) (2)

We denote the derivative with respect to R by the
subscript, Fr=dF/dR. The matter energy-momentum
tensor is defined by the matter action S,, as

-2 68y
T, = ———t,
V=g 68"

Operating the covariant derivative to Eq. (2), we can show
the conservation law V*T,, = 0; that is,

A3)

1
\% R,quR_ Eg;va"'gvaFR_V,quFR =0. (4)

Taking trace of Eq. (2), we find

OFk(R) = %[ZF(R) —RFx(R) + K2T] , )

where T represents the trace of energy-momentum tensor
T =T*,. The trace-part Eq. (5) takes nontrivial form even
for the vacuum 7T =0, instead of R =0 in GR. Thus, Birk-
hoff theorem[® 3], which states the Schwarzschild solution is
a unique solution for a spherically symmetric and vacuum
system in GR, is generally absent in the F(R) gravity. Con-
sequently, in-vacuum, static, and spherically symmetric
solutions with nontrivial distribution are
allowed®*. This fact stems from the additional scalar
DOF, which we call the scalaron field.

It is well known that the F(R) gravity can be rewrit-
ten in the form of the scalar-tensor theory. Defining the
scalaron field @ = Fg(R), we find that the action of the
gravity sector in Eq. (1) is written as

curvature

S, = 2%2 fd4x V=g|oR-V(@)). (6)

V(®) = R(®)D - F(R(P)). (7)

The field equations for the metric g,, and scalaron @ are

1 K2
R,uv - _g,uvR ==

38wk =G (Ta+T.7), ®)

oo = %[qﬁR(di) —2V(P)+ KT |, )

where T is the effective energy-momentum tensor of the
scalaron field:
T“”)—iVVcD D ! V(P 10
uv _K2 puYy _gHYD _zguv ( ) . ( )

Therefore, the gravitational field in the F(R) gravity
acts as GR with a non-minimally coupled scalar field,
which possesses 2+1 DOF.

We can further reformulate the action (6) by the frame
transformation:

B = Dg,,, D=0, (11)

For the original Jordan-frame metric g,,, we call §,, the
Einstein-frame metric after the transformation. We denote
the scalaron field in the Einstein frame by ¢. The gravita-
tional action in the Einstein frame is written as

So= d4x\/_[—R——g”VVMVv90 U, (12

U(g) = 55 Vig), (13)
where R and V are the Ricci scalar and covariant derivat-
ive composed by the Einstein-frame metric g, . The field
equations for the metric g,, and the scalaron ¢ are
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Ry 5Rg =+ (V7T +TY)), (14)
B = U'(¢) + %e“‘m”T. (15)

T\ is the energy-momentum tensor of the scalaron field in
the Einstein frame

|
T = ~58V Voo +VpVi0 -2, U(9).  (16)

Unlike Eq. (6) in the Jordan frame, Eq. (12) describes GR
with a minimally coupled scalar field in the Einstein frame.
It is known that the Jordan frame and Einstein frame are
equivalent to each other at the classical levell37571,

2 Chameleon mechanism

In both Jordan and Einstein frames, the scalaron field
couples with the trace of matter energy-momentum tensor
T as in Egs. (9) and (15). This coupling introduces the en-
vironment-dependent effective mass of the scalaron field.
In the Jordan frame, we define the effective potential
Veg(@,T) including T :

_ dVeff(®7 T)

oo
dd

(17

dVeﬁ(¢7 T) 1

i 3 [oR(®)-2v(®)+£T].  (18)

Ve explicitly depends on 7', and we denote it by V(D,T).
The mass is related to the second derivative or curvature of
the effective potential given by

Ve 1d
> =310 | OR(®) - 2V(D) + KT |
_ L Fe®)
_3[FRR(R) R|. (19)

By convention, the second derivative at the minimum
of the effective potential is used to define the effective
mass,

, AV
meg = da?

(20)

DP=Pryiy

The minimum of the effective potential is determined by
dV/dd =0,

2F(Rmin) - FR(Rmin)A +K2T = 07 (21)

and one can find @ = @,;,, or equivalently R =R, , for a
given T . Although the second derivative (19) does not ex-
plicitly depend on T, the effective mass (20) depends on
T through Eq. (21). Note that we obtain similar results
even in the Einstein frame.

The environment-dependent mass of the scalar field
coupled with the external matter is known as the chamele-

on mechanism[38760]

. It is worth mentioning that the
chameleon mechanism plays an important role in the DE
models of F(R) gravity theory or scalar-tensor theory. For
instance, the trace of matter energy-momentum tensor is
characterized by the energy density p, T =—p, for the
nonrelativistic matter. In the low-density region or at the
cosmological scale, the scalaron acts as DE. However, in
the locally high-density region, such as the Solar System
and Earth, the scalaron becomes heavy, and the propaga-
tion of the scalaron is suppressed. In this way, the DE mod-
els can explain the accelerated expansion of the current
Universe, while the chameleon mechanism hides the scalar
field from local tests of gravity, known as fifth force con-
straintst®!762],

We emphasize that the chameleon mechanism is a spe-
cific model for describing the effective mass in the interact-
ing system. It is analogous to the heavy fermion materials
or matter effect on neutrino oscillations. Moreover, the
chameleon mechanism is one of the screening mechanisms

that suppress the fifth force at local scales!93767],

3 Modified TOV equation in F(r) gravity

We consider the static and spherically symmetric star
composed of the perfect fluid with a certain EOS. The geo-
metry inside the compact star is given as

ds® = —e¥"dF +eXVdr? + (d6 +sin*0dg?).  (22)

The matter component is described by the EOS p = p(p),
and the energy-momentum tensor is defined as

Ty = [80)+ p(r) | wt, + p(r) (23)

with rest-mass density p(r), total energy density &(r),
pressure p(r), and 4-velocity of static fluid u*. Note that
the compact star is in a highly relativistic system, and the
rest-mass density p(r) and total energy density &(r) should
be strictly distinct.

The non-vanishing components of Eq. (2) are given as
follows:

7

1 v
—Ke= _EF_C_M Vi+ (=) + — | Fpt
r

=24
€

Fp+(-2+ %)F;] : (24)

1
—K’p==F+e™
K'p 3

20
Vit (v =)V - —] Fr—
r

2
e (v' + —)F’R, (25)
r



3 1

1 1
_sz = EF— r—2{1 +[— 1-r(V —/l’)]e‘z’l}FR_

e—2/l

" / ’ 1 ’
Fp+(v -4+ ;)FR] . (26)
Here, we denote the derivative by the prime (/) with re-
spect to the radial coordinate r. The conservation law
VT, =0 leads to

0=V"T, =V (e+p)+p. 27

Using Eq. (27), we finds Egs. (24)~(26) reproduces the
conservation law in Eq. (4).
Moreover, using the expression of the curvature,

/7 24_
R=e™ —2v”—2(1/’—/1’)1/]+e’2”[—4(v /l)+Ze 2],

r r?
(28)
we can rewrite the field Eqgs. (24)~(26) as follows:
1
A/Z— 22 222_F F ZR_2
2rQF g+ rFeR) x{e [P@e=P+ FuPR-D)]+
217 Frag (R + 2rFpe (rR” +2R') + 2FR}, (29)
1 220 .,.2 2 2
= ! 2 F)—Fy(rrR-2)|-
Y T 2 @F g+ rFuR) X{e [P @ep+ P~ FurR-2)|
2(2rF R + FR)} , (30)
"o FR 1 7 ’ 2 22 1 2
R —F—RR|:;(3V -A +;)+C (ER_ﬁ) +
1 Frer 5
A+—)R ———R". 31
@+ -5 GD

The above are the modified TOV equations in general
F(R) gravity. Here, we treat the Ricci scalar R(r) as an in-
dependent field corresponding to the scalaron field &(r),
as seen in Eq. (5). Note that we can substitute Eq. (28) into
Eq. (31) and so replace the differential equation for R with
that of metric functions.

4 Degeneracy between EOS and F(R)
function

Combining Egs. (24) and (25), Egs. (24) and (26), and
Egs. (25) and (26), we obtain the following three equations,
respectively:

20+ )
r

K (e+p) = e Fr—eX|Fl (v + X)F}|, (32)
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1 v+ 1
K2(6+p)={—2+e“ Vi+( =)+ - }FR+
r
-22 7 1 ’
eV - = |Fg, (33)
r
1 v+aA4 1
O={—2+e:2/l Vi+(/ =A)V - - }FR+
r r
-24 ” ’ 1 ’
e Fy + —/l—; Frl. (34)

Since one of the above three equations is redundant by
the conservation law as in Eq. (27), the analysis below fo-
cuses on Egs. (32) and (33).

In the following, we symbolically solve the modified
TOV equations. First, We assume that the density profile
p =p(r) and EOS p = p(p) are given. Because the M-R re-
lation is determined by the integration of the density pro-
file, assuming the density profile corresponds to using the
observational data of the M-R relation. Then, the pressure
p is written as a function of the radial coordinate, p = p(r).
Moreover, the total energy density & and rest-mass density
p are related through the first law of thermodynamics:

fol) o

The total energy density is also given as a function of
the radial coordinate, € = €(r). For example, using a poly-
trope EOS,

p(p) = Kp" (36)
with constants K and I", we find
K r
€p)=(1+a)p+ —1° (37)

where a is a constant. Thus, Eq. (27) gives v = v(r).
Next, we solve the remaining two equations. Defining
anew variable N as

N = e—Zv—Zl , (38)

we rewrite Egs. (32) and (33):

F 1
2y 2 N R I AN "
e K’(e+p) = N(_r +2FR) NFy, (39)

1
e‘zV[K2 (e+p)— _zFR] =
r
1 vl
’” 72 7
[N(V +2v° — ﬁ)+N (E - Z)]FR'F
1

NV — —)Fg. 40
(V= 2)Fs (40)
Because LHS of Eq. (39) is written in known func-

tions, {v(r),e(r), p(r)}, we can solve Eq. (39) with respect
to N =N(Fy,Fy, Fr,r). Substituting N into Eq. (40), we
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can obtain the differential equation symbolically denoted F.R,( R\

by a Y Y F(R)~A+FOR+b‘+1°(R—) . (46)
0

E(Fy, Fi Fr,v"(0,V (N, v(r), €(r), p(r),r) = 0. (41)

Solving the above differential equation of F with re-
spect to r, we obtain Fy = Fg(r), and thus N = N(r) and
A= A(r) from Eq. (38). Then, the Ricci scalar as in Eq. (28)

R=R(Y"(n,y (1,4 (r), A(r),) (42)

gives r=r(R). Finally, we obtain Fy(r) = Fx(R) and thus
F=F(R).

The above calculation shows that for a given M-R re-
lation (or equivalently, the density profile) and EOS, one
can obtain the F(R) function as a solution of the modified
TOV equation. Therefore, we conclude that for the given
EOS and p(r), one can reconstruct the model of F(R)
gravity that reproduces an arbitrary M-R relation. In other
words, functional DOF in F(R) degenerates to that in EOS
p) (511 and measuring the M-R relation cannot determine
the EOS in the F(R) gravity theory.

5 Boundary condition and non-integer
power model

The degeneracy issue is inevitable due to the model-
dependence of the EOS and F(R) function, and thus, one
can reconstruct the F(R) function to lead to any M-R rela-
tion. However, it does not mean any functional form of
F(R) is allowed. Because field equations include the
second-order derivative of the Ricci scalar R, the first de-
rivative of the Ricci scalar ' must be continuous at the
surface of the compact star r = r, even if the values of the
energy density and pressure jump at the surface.

By demanding the exterior of the compact star to be
Schwarzschild geometry, thus R =0, near the surface,

R~R0(1 —1) , (43)
where a >?2 so that R” converges and R’ is continuous at
the surface r=r,, and R, is a dimensional constant. Be-
cause R includes {v",v’, A, A}, the continuity of R’ sug-
gests the continuities of {v'”,v’, v, 1”7, ', 1}. We assume
that the F(R) function describes the correction to GR as

0 s

R b r ab
FR~F0+F1(R—) ~F0+F1(1——) s (44)
r

where b is a constant. We also assume a mass-polytrope
EOS in the following form:

1
e=p+np, p=Kp'n, (45)

where n>0 and K is a constant as in Eq. (36). Demand-
ing continuities at the surface r = r,, we find

The index b of the Ricci scalar, which characterizes the
correction to GR, is thus determined:
_n+2
=—

b

(47)

Here, A is an integration constant, which can be cast as the
cosmological constant.

Moreover, continuities of the pressure p at the sur-
face r =r, indicate that a needs to be an integer (Ref. [51]
for detailed calculation). Because n corresponds to the
value 0.5 <n <1 for neutron stars, b in Eq. (46) cannot be
an integer, and thus the non-integer power of R can gener-
ally show up in the functional form of F(R). Note that the
constant A can spoil our assumption that the F(R) gravity
possesses the Schwarzschild solution as a vacuum solution,
indicating A =0. However, A is negligible if it takes the
value of observed dark energy compared with a typical
compact star scale.

To understand the origin of the non-integer power cor-
rection to GR, we reconsider the scalaron field. In the F(R)
gravity with the non-integer power of R, the chameleon
mechanism works, and the deviation from GR outside the
star is expected to be suppressed. To see how the chamele-
on mechanism works in this model, we consider the effect-
ive mass of the scalaron field. Applying the mass formula
(19) to Eq. (46), one finds the effective mass approxim-
ately evaluated as follows:

1 R R \1-» R
m;z-—O[FO(—) +(l—b)FIITO]. (48)

Equation (48) shows the effective mass depends on the
curvature (or roughly, the energy density), and the first
term is dominant around the surface of the star for small F,
inthe casethat 0<1-b<1.

In this model, the scalar field becomes massive inside
the compact star, although we expect it is almost massless
outside the star when A is cast as the dark energy. Thus,
the chameleon mechanism can screen the scalaron field
around the compact star in the non-integer power model.
Our assumption of the Schwarzschild geometry outside the
compact star seems relevant, although the Birkhoff theor-
em is absent in F(R) gravity. Note that we only need the
behavior near the surface in the above argument. Therefore,
we do not need the boundary conditions on the core of the
compact star and spatial infinity.

6 R2 model and massive scalaron field

To explore the relations among the model of F(R)
gravity, scalaron-field distribution, and boundary condition
in terms of the chameleon mechanism, we investigate the
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2 e 1
R* model of F(R) gravity: = =. (58)
@
F(R) =R+aR>. (49)

R? model has been utilized in the existing works(37740] a5 a
benchmark model of F(R) gravity theory. In the R* grav-
ity, Egs. (2) and (5) are given as

KTy =R, — %Rg,,v +aR (ZR,,V - %Rgﬂv) +
20 (3,0-Y,9)R, (50)
and
2a0R = %(R-FKZT). (51)

The @ — 0 limit recovers the ordinary Einstein equa-
tion in GR.

For the R*> model (49), the scalaron field @ is defined
as the linear form of the curvature:

@ =Fr(R)=1+2aR. (52)

Thus, we can use the curvature as the independent
field for the scalar DOF instead of using only metric g,
for both tensorial and scalar DOF. The equation for the
scalaron field is given as

1
0d= [qs— 1 +2aK2T] , (53)
and V(@) is
1
V(®) = ™ (@-1)7. (54)

Note that Eq. (53) is equivalent to Eq. (51), and thus
we use Eq. (51) as the field equation for curvature R.

The effective potential V.4(®,T) in the R* gravity is
given as

Ver(D,T) = ! (D~ Dpin)’ P 55
eff s - 120 min 12& s ( )
Dpin = 1 =2«%aT, (56)
up to a constant term. The stationary condition
0V.;/0® =0 reduces to
0 Ve 1 2]
50y (PunT) = 3 [R(@u) +£°T] =0, (57)

R = —«*T , which holds automatically in GR, gives the con-
dition for the potential minimum. In other words, there is
no difference between GR and the R? gravity if the scal-
aron field always stays at the potential minimum. The excit-
ation from the minimum causes nontrivial profiles of the
spacetime rather than GR ones.

The effective mass in the R® gravity is read as the
coefficient of @?,

The effective mass is constant in the R?> model, and
the scalaron field merely behaves as a massive particle with
the mass mq ~ o'/ for positive « . Therefore, the screen-
ing is absent in this model. In the following analysis, the T -
dependent behavior of the scalaron field, not the ordinary
sense of the screening mechanism, plays an important role.
Note that for negative «, the mass mg becomes pure ima-

ginary, and the scalaron field behaves as a tachyon[68_69].

7 Scalaron inside and outside compact
stars

We assume the external region of the compact star
r>r, is a vacuum, and the cosmological constant vanishes.
The Birkhoff theorem is generally absent in the F(R) grav-
ity, and the outer solution is not necessarily the Schwarz-
schild one, R=0. Because the curvature is related to the
scalaron field, the R* gravity may show the nonvanishing
scalaron field surrounding the compact star, which could be
called the scalarized solution.

We analyze the asymptotic behaviors of the scalaron
or the curvature. The scalaron field @ behaves as a free
massive particle in the R* gravity:

0P = m% (D — D) . (59)

Assuming the asymptotically flat spacetime at the external
region and T =0, the asymptotic solution of Eq. (59)
would be

B(r)— 1 ~ Lerory Lo, (60)
r r

where ¢, and ¢, are constants. Eq. (60) shows the decay-
ing and growing modes in space, reflecting the static space-
time. For the assumption of the asymptotic flat spacetime, it
is relevant to consider the decaying mode, and thus @ — 1.
Moreover, Eq. (52) suggests @ — 1 corresponds to the
limit to GR and R — 0. Therefore, the deviation from the
GR itself is expected to be exponentially decreasing:

1
D(r)—1oc —e, 61)
r

In other words, compact stars in the R? gravity have
exponentially decaying scalar hair, reflecting the absence of
Birkhoff theoreml”%72], Moreover, the scalar hair is not
screened due to the absence of the chameleon
mechanism(*~46] but simply decaying due to the finite
mass. From the equivalence between the curvature and the
scalaron field, the curvature decreases exponentially with
some typical length, which is of the same order as the
Compton length of the scalaron field m,' = V6a . Because
the deviation from GR decreases in asymptotic flat space-
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time, we can conclude that the Birkhoff theorem in GR is
restored in the region r > /o and that the spacetime solu-
tion is asymptotically the Schwarzschild one.

We now solve the modified TOV equations and dis-
cuss the scalaron-field distribution and its consequences.
We numerically solve Egs. (29)~(31) and Eq. (27) with
SLy EOS in the R*> gravity. For the numerical integration,
we define dimensionless variables as follows:

M,=M,~199-10"g,
GM,
r, =

8 C2

~1.48-10°cm,

M
Py = — ~6.18-107 gem ™,

rz
M’ 38 —1 2
pg=—7—=555-10"gem™ s (62)
,
8
We show the results of numerical integration as
follows (see Ref. [52] for details on implementation and
setup).

Figure 1 shows the M-R relation with SLy EOS in R?
gravity. The mass is defined as the Schwarzschild mass M,
and the radius is the surface radius r,;

M =m(r,), m(r) = % (1-¢), p(r)=0.  (63)

a7 10 a,= 100

0.5+

0.0 : ' : ' '
100 105 110 115 120 125 13.0

r/km

Fig. 1 (color online) The mass-radius relation with SLy for

several values of @ in R? model. The black, red,
green, and blue curves correspond to ¢=0 (GR), 1,
10, and 100.

The M-R curves seem to rotate clockwise in response
to «, and the maximum mass increases as « increases!**].
Figures 2 and 3 show the M-R relation in the high-mass
and low-mass regions. For instance, in the case =10,
the mass is different from GR one by roughly 10% in
the high-mass region and by two times in the low-mass re-
gion.

Figure 4 shows the scalaron-field distribution in space-
time. The dashed vertical line is the surface radius for GR
as a reference value. Nontrivial scalaron concentration be-
comes more pronounced as « increases. Figure 5 shows
the deviations from GR in terms of @ — 1, that is, the scal-
ar hair outside the compact star. The horizontal solid line

22
2.1¢
20F

019

S

S 18}
17}
16}

10.6 10.8 11.0 11.2 114 11.6 11.8 12.0
r/km

Fig.2 (color online) M-R relation in the high-mass region.
0.8
0.7
0.6

0.1 S ——
11.00 11.2511.50 11.7512.00 12.25 12.50 12.75 13.00
r/km

Fig. 3 (color online) M-R relation in the low-mass region.

1.16
1.14
1.12
1.10

$1.08
1.06
1.04
1.02
1.00 . — : : :
0 5 10 15 20 25 30
r/km

Fig. 4  (color online) The profiles of scalaron field & for
a=1, 10, and 100. We have chosen the central dens-
ity p.=1.00-101 g/cm? with SLy. & =1 corresponds

to GR case (@ =0).

107

1073

107

101 L 1 1
0 50 100 150 200 250 300

r/km
(color online) The profiles of deviation from GR,
®—1, for a=1, 10, and 100 with SLy. Solid curves
show the numerical solutions, and dashed lines are fit-
ting results based on Eq. (61)
represents @—1=10""". We can find that the decay of the
scalaron becomes mild, and the scalarization radius r,
defined as @(ry)—1=10""" is prolonged as a increases.
Fig. 5 also shows the fitting results with Eq. (61), and we

Fig. 5
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can observe the Yukawa-potential-like distribution of the
massive scalaron field.

Figure 6 shows the energy condition of the scalaron
field for a time-like vector, where we use the four-velocity
of fluid u* = (e7,0,0,0). Inside the star, the energy condi-
tions can be partially broken, T/»u*u” <0, and the scal-
aron behaves as a quintessence field. These features be-
come significant for the lower value of p.. The quintessen-
tial scalaron field effectively gives negative energy densit-
ies to the compact star.

0.000 2 ;
a=1,p=10"" glem’ :
0.0001} ;
% 0.0000 f< -k ----- -
§: \ E a=10,p=10" g/em’
& -0.000 1} Y a=100, p =101 glem’®
~0.0002 F < :
_ ! a=100,p=10" g/em®
~0.000 3 i P S - -
0 5 10 15 20 25 30
r/km
Fig. 6  (color online) The energy condition of the scalaron

field T,(f)u"uv for «=1, 10, and 100 with SLy. We
have chosen the central density p.=1.00-10" g/cm?
and 1.00-10'>15 g/cm3 for each value of «.

8 Conclusion and discussion

We have reviewed the recent progress in the study of
compact stars in the F(R) gravity and several unique fea-
tures that stem from the scalar DOF. Under the assumption
of static and spherically symmetric spacetime and perfect
fluid, we found that the A-R relation alone cannot con-
strain models of F(R) gravity and EOS of internal matter
separately. This consequence is analogous to the well-
known reconstruction technique for cosmologym*m,
where an arbitrary time-evolution of scale factor can be re-
produced by choosing the F(R) function. It has also shown
that consistency with the exterior solution of the compact
star can give us constraints on the F(R) function. It is non-
trivial if the exact Schwarzschild spacetime is a proper
boundary condition for the compact star in arbitrary F(R)
gravity, and the existence of the chameleon mechanism is
tightly correlated with the boundary condition.

We must consider more measurements than the M-R
relation to solve the degeneracy between modified gravity
and EOS. It should be noted that the M-R relation is the
background solution of the (modified) TOV equation.
Therefore, the following measurements would be helpful.
The tidal deformation includes the information of the per-
turbed TOV equation, and the scalar mode of perturbation
can generate the scalar mode of gravitational wavel 77801,
Related to the perturbation, the stellar oscillations (astero-
seismology) and related Quasi Period Oscillation can separ-

ately constrain the gravitational theory and EOS8! togeth-
er with the M-R relation. Note that the limit on sound speed
¢? < 1 by the causality can constrain EOS, which allows us,
at least, to distinguish the gravitational theory from GR.

It is also intriguing to investigate the phenomenon in-
duced by the scalaron field in the F(R) gravity. The
particle picture of the scalaron field suggests the new scal-
ar particle coupling to the internal matters of the compact
stars. Considering the thermal evolution, the scalaron
particle may affect the cooling curves of neutron stars, sim-
ilar to the axion cooling[82785 I'and the dark matter capture
in the neutron stars(3088], Moreover, the scalar hair sur-
rounding the compact star can produce observable electro-
magnetic signals by the interaction between the scalaron
and photon[25727].

Acknowledgements The authors would like to express our
sincere gratitude to anonymous referees for their invalu-
able feedback and constructive comments.

References:

(1] LOVELOCK D. ] Math Phys, 1971, 12: 498.
[2] LOVELOCK D.J Math Phys, 1972, 13: 874.
[3] HORNDESKI G W. Int J Theor Phys, 1974, 10: 363.
(4] BERTI E, BARAUSSE E, CARDOSO V, et al. Class Quant Grav,
2015, 32: 243001.
[5] BELTRAN JIMENEZ J, HEISENBERG L, OLMO G J, et al. Phys
Rept, 2018, 727: 1.
[6] CAPOZZIELLO S, DE LAURENTIS M. Phys Rept, 2011, 509:
167.
[7] ARAI S, AOKI K, CHINONE Y, Et al. PTEP, 2023, 2023(7):
072E01.
[8] SHANKARANARAYANAN S, JOHNSON J P. Gen Rel Grav,
2022, 54(5): 44.
[9] CLIFTON T, FERREIRA P G, PADILLA A, et al. Phys Rept,
2012, 513: 1.
[10] AGHANIM N, AKRAMI Y, ASHDOWN M, et al. Astron Astro-
phys, 2020, 641: A6.
[11] POULIN V, SMITH T L, KARWAL T, et al. Phys Rev Lett, 2019,
122(22): 221301.
[12] DI VALENTINO E, MENA O, PAN 8, et al. Class Quant Grav,
2021, 38(15): 153001.
[13] AGHAMOUSA A, AGUILAR J, AHLEN S, et al. arXiv:
1611.00036.
[14] ADAME A G, AGUILAR J, AHLEN S, et al. arXiv: 2404.03002.
[15] SOTIRIOU T P, FARAONI V. Rev Mod Phys, 2010, 82: 451.
[16] DE FELICE A, TSUJIKAWA S. Living Rev Rel, 2010, 13: 3.
[17] NOJIRI S, ODINTSOV S D, OIKONOMOU V K. Phys Rept,
2017, 692: 1.
[18] MAEDA K I. Phys Rev D, 1989, 39: 3159.
[19] STAROBINSKY A A.JETP Lett, 2007, 86: 157.
[20] HU W, SAWICKI I. Phys Rev, 2007, D76: 064004.
[21] TSUJIKAWA S. Phys Rev, 2008, D77: 023507.
[22] ELIZALDE E, NOJIRI S, ODINTSOV S D, et al. Phys Rev D,
2011, 83: 086006.


https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1063/1.1666069
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1088/0264-9381/32/24/243001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2017.11.001
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1016/j.physrep.2011.09.003
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1093/ptep/ptad052
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1007/s10714-022-02927-2
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1016/j.physrep.2012.01.001
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://arxiv.org/abs/1611.00036
https://arxiv.org/abs/2404.03002
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.1103/RevModPhys.82.451
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.12942/lrr-2010-3
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1016/j.physrep.2017.06.001
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1103/PhysRevD.39.3159
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1134/S0021364007150027
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.76.064004
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.77.023507
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006
https://doi.org/10.1103/PhysRevD.83.086006

- 898 - B F %Y iR %41 %
[23] STAROBINSKY A A. Phys Lett B, 1980, 91: 99. [54] NASHED G G L, NOJIRI S. Phys Rev D, 2021, 104(12): 124054.
[24] ARTYMOWSKI M, LALAK Z. JCAP, 2014, 09: 036. [55] MAKINO N, SASAKI M. Prog Theor Phys, 1991, 86: 103.

[25] CHOU A S, WESTER W, BAUMBAUGH A, et al. Phys Rev Lett, ~ [56] FARAONI V, NADEAU S. Phys Rev D, 2007, 75: 023501.
2009, 102: 030402. [57] DERUELLE N, SASAKI M. Springer Proc Phys, 2011, 137: 247.
[26] VAGNOZZI S, VISINELLI L, BRAX P, et al. Phys Rev D, 2021, [58] KHOURY J, WELTMAN A. Phys Rev Lett, 2004, 93: 171104,
104(6): 063023. [59] KHOURY J, WELTMAN A. Phys Rev D, 2004, 69: 044026.
[27] KATSURAGAWA T, MATSUZAKI S, HOMMA K. Phys Rev D, [60] BRAX P, VAN DE BRUCK C, DAVIS A C, et al. Phys Rev D,
2022, 106(4): 044011, 2008, 78: 104021.
(28] NOJIRI S, ODINTSOV S D. TSPU Bulletin, 2011, N8(110): 7. [61] BURRAGE C, SAKSTEIN I. Living Rev Rel, 2018, 21(1): 1.
[29] CEMBRANOS J A R. Phys Rev Lett, 2009, 102: 141301. [62] MURATA J, TANAKA S. Class Quant Grav, 2015, 32(3): 033001.
[30] KATSURAGAWA T, MATSUZAKI S. Phys Rev D, 2017, 95(4): [63] VAINSHTEIN A L Phys Lett B, 1972, 39: 393.
044040. [64] DEFFAYET C, DVALI G R, GABADADZE G, et al. Phys Rev D,
[31] CHEN H, KATSURAGAWA T, MATSUZAKI S, et al. JHEP, 2002, 65: 044026
2020, 02: 153. [65] BABICHEV E, DEFFAYET C. Class Quant Grav, 2013, 30:
[32] READJ S, LACKEY B D, OWEN B J, et al. Phys Rev D, 2009, 184001
79:124032. [66] HINTERBICHLER K, KHOURY J. Phys Rev Lett, 2010, 104:
[33] OZELF, BAYM G, GUVER T. Phys Rev D, 2010, 82: 101301. 231301
[34] STEINER A W, LATTIMER J M, BROWN E F. Astrophys J Lett,  [¢7) HINTERBICHLER K, KHOURY J, LEVY A, et al. Phys Rev D,
2013,765: L5. 2011, 84: 103521,
[35] HEBELER K, LATTIMER J M, PETHICK C J, etal. Astrophys ], [¢e]  ApARICIO RESCO M. DE LA CRUZ-DOMBRIZ A, LLANES
2_,0137 77311 ESTRADA F J, et al. Phys Dark Univ, 2016, 13: 147.
[36] OZELF, FREIRE P. Ann Rev Astron Astrophys, 2016, 54: 401. [69] FEOLA P, FORTEZA X J, CAPOZZIELLO S, et al. Phys Rev D,
[37] PSALTIS D. Living Rev Rel, 2008, 11: 9. B 2020, 101(4): 044037.
[38] PERRODIN D, SESANA A. Astrophys Space Sci Libr, 2018, 457: [70] WHITT B. Phys Lett B, 1984, 145: 176.
9. [71] MIGNEMI S, WILTSHIRE D L. Phys Rev D, 1992, 46: 1475.
[39] ARAPOGLU A S, DELIDUMAN C, EKSI K Y. JCAP, 2011, 07:
020, [72] NZIOKI A M, CARLONI S, GOSWAMI R, et al. Phys Rev D,
2010, 81: 084028.
[40] GANGULY A, GANNOUIJI R, GOSWAMI R, et al. Phys Rev D,
2014, 89(6): 064019, [73] NOIIRI S, ODINTSOV S D. Phys Rev D, 2005, 72: 023003.
[41] CAPOZZIELLO S, DE LAURENTIS M, FARINELLI R, et al. [74] CAPOZZIELLO S, NOJIRI S, ODINTSOV S D, et al. Phys Lett B,
Phys Rev D, 2016, 93(2): 023501. 2006, 639: 135.
[42] FENG W X, GENG C Q, KAO W F, et al. Int J Mod Phys D, 2017, [75] Coz}gzgg; G, ELIZALDE E, NOJIRIS, et al. Phys Rev D, 2007,
75: .
[43] ;Z%i_lcfgii AS M. PAGE D, BEZNOGOV M V. 2022. [76] NOJIRI S, ODINTSOV S D, SAEZ-GOMEZ D. Phys Lett B, 2009,
[44] YAZADIIEV S S, DONEVA D D, KOKKOTAS K D, et al. JCAP, O81: 74.
2014, 06: 003. [77] CAPOZZIELLO S, CORDA C, DE LAURENTIS M F. Phys Lett
B, 2008, 669: 255.
) g;sz fg:iiuimvg}jf 121\5737(;1/(250)1:);015)(1)30; A CRUZ-DOM [78] RIZWANA KAUSAR H, PHILIPPOZ L, JETZER P. Phys Rev D,
[46] ASTASHENOK A V, BAIGASHOV A S, LAPIN S A. Int J Geom 2016, 93(12): 124071.
Meth Mod Phys, 2018, 16(01): 1950004, [79] GONG Y, HOU S. EPJ Web Conf, 2018, 168: 01003.
[47] ASTASHENOK A V, CAPOZZIELLO S, ODINTSOV S D. Phys ~ [80] KATSURAGAWA T, NAKAMURA T, IKEDA T, et al. Phys Rev
Lett B, 2015, 742: 160. D, 2019, 99(12): 124050.
[48] ASTASHENOK A V, ODINTSOV S D, OIKONOMOU V K. Phys [81] SOTANI H, IIDA K, OYAMATSU K. Mon Not Roy Astron Soc,
Rev D, 2022, 106(12): 124010. 2018, 479(4): 4735.
[49] DEMOREST P, PENNUCCI T, RANSOM S, et al. Nature, 2010,  [82] NAKAGAWA M, KOHYAMA Y, ITOH N. Astrophys J, 1987,
467: 1081. 322:291.
[50] ANTONIADIS J, FREIRE P C C, WEX N, et al. Science, 2013,  [83] TWAMOTO N. Phys Rev Lett, 1984, 53: 1198.
340: 6131. [84] SEDRAKIAN A. Phys Rev D, 2016, 93(6): 065044
[51] NUMAJIRI K, KATSURAGAWA T, NOJIRI S. Phys Lett B,  [85] KELLERJ, SEDRAKIAN A. Nucl Phys A, 2013, 897: 62.
2022, 826: 136929. [86] KOUVARIS C. Phys Rev D, 2008, 77: 023006.
[52] NUMAIJIRIK, CUI Y X, KATSURAGAWA T, etal. Phys RevD,  [87] BARYAKHTAR M, BRAMANTE J, LI S W, et al. Phys Rev Lett,
2023, 107(10): 104019. 2017, 119(13): 131801.
[53] BIRKHOFF G D, LANGER R E. Relativity and Modern Physics: [88] ELLIS J, HUTSI G, KANNIKE K, et al. Phys Rev D, 2018, 97(12):

Volume 1[M]. Cambridge: Harvard University Press , 1923.

123007.


https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1088/1475-7516/2014/09/036
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevLett.102.030402
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.104.063023
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevD.106.044011
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevLett.102.141301
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1103/PhysRevD.95.044040
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1007/JHEP02(2020)155
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1103/PhysRevD.82.101301
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/2041-8205/765/1/L5
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.1146/annurev-astro-081915-023322
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.12942/lrr-2008-9
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1007/978-3-319-97616-7_3
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1088/1475-7516/2011/07/020
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.89.064019
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1103/PhysRevD.93.023501
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1142/S0218271817501863
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1475-7516/2014/06/003
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1088/1361-6382/aa8971
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1142/S021988781950004X
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1016/j.physletb.2015.01.030
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1103/PhysRevD.106.124010
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1038/nature09466
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1126/science.1233232
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1016/j.physletb.2022.136929
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.107.104019
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1103/PhysRevD.104.124054
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1143/PTP.86.103
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1103/PhysRevD.75.023501
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1007/978-3-642-19760-4_23
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevLett.93.171104
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.69.044026
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1103/PhysRevD.78.104021
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1007/s41114-018-0011-x
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1088/0264-9381/32/3/033001
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1016/0370-2693(72)90147-5
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1103/PhysRevD.65.044026
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1088/0264-9381/30/18/184001
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevLett.104.231301
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1103/PhysRevD.84.103521
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1016/j.dark.2016.07.001
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1103/PhysRevD.101.044037
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1016/0370-2693(84)90332-0
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.46.1475
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.81.084028
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1103/PhysRevD.72.023003
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1016/j.physletb.2006.06.034
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1103/PhysRevD.75.086002
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2009.09.045
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1016/j.physletb.2008.10.001
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1103/PhysRevD.93.124071
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1051/epjconf/201816801003
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1103/PhysRevD.99.124050
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1093/mnras/sty1755
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1086/165724
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevLett.53.1198
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1016/j.nuclphysa.2012.11.004
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevLett.119.131801
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.97.123007

3 KATSURAGAWA Taishi et al: Compact Stars in F(R) Gravity Theory © 899 *

FR) 5| B ZEE

BENAZLD, BRAKZ 24, HRH—2

(1. S IfTE R R TR, 1IN 430079, HE;
2. A EKFHEM AR, HA 4R 464-8602;
3. & B REERL T A iR MR R N ST, HAR 405 2 464-8602)

WE: FRFIAEN— BRI AEL, AEXERFTERARTHINAEXKE. AXEBRT FR) 5 A E LW E
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