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Screened modified gravity (SMG) is a kind of scalar-tensor theory with screening mechanisms, which
can generate a screening effect to suppress the fifth force in high density environments and pass the solar
system tests. Meanwhile, the potential of the scalar field in the theories can drive the acceleration of the late
Universe. In this paper, we calculate the parametrized post-Newtonian (PPN) parameters y and S, the
effective gravitational constant G, and the effective cosmological constant A for SMG with a general
potential V and coupling function A. The dependence of these parameters on the model parameters of SMG
and/or the physical properties of the source object are clearly presented. As an application of these results,
we focus on three specific theories of SMG (chameleon, symmetron, and dilaton models). Using the
formulas to calculate their PPN parameters and cosmological constant, we derive the constraints on the

model parameters by combining the observations on solar system and cosmological scales.
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I. INTRODUCTION

The current cosmic acceleration [1] can be elucidated
within general relativity (GR) by introducing dark energy
[2]. Some prominent candidates for dark energy are the
cosmological constant [3], a dynamically evolving scalar
field quintessence [4], a phantom field [5], a quintom field
[6], etc. Alternatively, the accelerated expansion of the
Universe can also be explained through modified gravity
(MG) theories [7]. On large scales, we do not have very
strict experiments to verify GR, and then infrared (IR)
modification of gravity is the direction that is supposed to
be worth a try [8]. Weinberg’s theorem states that any
Lorentz invariant spin-2 field theory must reduce to GR at a
low-energy limit [9], and thus any MG theories must
involve extra degree(s) of freedom. The scalar degree of
freedom universally exists in fundamental physics (such
as compactified extra dimensions [10], string theory, and
brane world [11]). Since the Higgs boson in the Standard
Model of particles was found [12], we know that scalar
particles really exist in nature. Moreover, scalar fields are
also widely used in cosmology. Quintessence scalar field
can replace the cosmological constant and drive cosmic
acceleration at late times [4]. The inflation is a short period
of rapid expansion in the very early Universe, which could
also be caused by a scalar field [13,14]. These scalar fields
may couple to matter fields, which slightly violates GR and
could be detected as the continuous improvement of
experimental accuracy.

Most MG theories involve scalar field, and the simplest
one is the so-called scalar-tensor gravity [15-19]. The
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fundamental building blocks of scalar-tensor theories are
the tensor gravitational field and scalar field. Moreover,
scalar-tensor theories can be justified by the low-energy
limit of string theory or supergravity [20,21]. Scalar-tensor
theories are usually expressed either in the Jordan frame or
in the Einstein frame, which are related to each other by a
conformal rescaling [22]. In the Finstein frame, a key
ingredient of scalar-tensor theories is the conformal cou-
pling of light scalar field with matter fields, which usually
implies the existence of a new long-range fifth force.
However, at present, fifth forces have not been detected
in either solar system or laboratory experiments, which
means that the strength of the fifth force should be much
weaker than that of the gravitational force [23,24].
Therefore, we need the screening mechanisms, which
can suppress the fifth force and allow MG theories to
evade the tight gravitational tests in the solar system and the
laboratory.

Examples of such screened models abound. The cha-
meleon mechanism [25-29] operates a thin-shell shielding
scalar field, which acquires a large mass in dense envi-
ronments and suppresses its ability to mediate a fifth force.
The symmetron mechanism [30-35] relies on the scalar
field with the Z, symmetry breaking potential. In high
density regions, the Z, symmetry is unbroken and the fifth
force is absent, whereas in low density regions, the Z,
symmetry is spontaneously broken and the fifth force is
present. The dilaton mechanism [20,36-38] is similar to the
symmetron. The coupling between dilaton and matter is
negligible in dense regions, while in low density regions the
dilaton mediates a gravitational-strength fifth force. These
screening mechanisms can be described by the same
formalism [39], which is defined by a potential V(¢)
and a coupling function A(¢) in scalar-tensor theory in the
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Einstein frame. Such scalar-tensor gravity with a screening
mechanism is often called screened modified gravity
(SMQG) [39,40,42]. A basic requirement of SMG is that
the effective potential must have a minimum [39], which
can naturally be understood as a stable vacuum. This
requirement can roughly constrain the shapes of two
dynamical functions V(¢) and A(¢).

In this paper, we focus on a generic SMG with arbitrary
potential V(¢) and coupling function A(¢), and we
calculate the parametrized post-Newtonian (PPN) param-
eters y and f in the case of a static spherically symmetric
source. Moreover, SMG contains a scalar degree of free-
dom, whose potential can naturally provide the vacuum
energy to drive the cosmic acceleration at late times. These
two analyses allow us to investigate the theoretical frame-
work on solar system and cosmological scales to derive the
combined constraints on model parameters.

In the literature [43,44], the PPN parameters of a generic
scalar-tensor theory were calculated under the assumption
of a point source surrounded by vacuum. This assumption
is generally not appropriate to solve the massive scalar field
since the exterior scalar field of an extended source behaves
quite different from that of a point source, and screening
mechanisms can show up due to nonlinear effects of a
scalar field [44]. So, these results are not applicable to
SMG, whose scalar field is always massive and can be
screened in dense bodies.

In this paper, we solve the massive scalar field in the
Einstein frame in the case of an extended source sur-
rounded by a homogeneous background. Making use of
this scalar solution and the PPN formalism [45,46], in the
Einstein frame, we solve the massless metric field in the
weak field limit around the flat Minkowski background and
the vacuum expectation value (VEV) of the scalar field
(scalar background). Then, we transform them to the Jordan
frame and calculate the PPN parameters y and f and the
effective gravitational constant Gg. It turns out that these
parameters (7, 3, Ges) depend not only on the distance r
between the source object and the test mass but also on the
screened parameter e.

Moreover, SMG contains a scalar degree of freedom, and
the bare potential VEV of the scalar field can play the role
of dark energy to accelerate the expansion of the Universe.
Further analysis shows that a generic SMG can converge
back to GR with a cosmological constant in the limiting
case € — 0. In particular, we focus on three specific
theories of SMG (chameleon, symmetron, and dilaton
models) and use our formulas to calculate their PPN
parameters and cosmological constant. We find that our
expressions of the PPN parameters for these three models
can reduce to previous results derived by other authors in
the appropriate cases. Finally, we combine solar system and
cosmological constraints on these three models.

This paper is organized as follows. In Sec. II, we display
the action and field equations for a generic SMG and solve
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the scalar field equation in the Einstein frame. In Sec. III,
we derive the post-Newtonian metric field equations in the
Einstein frame. In Sec. IV, we solve the post-Newtonian
metric field equations and calculate the PPN parameters
and cosmological constant for a generic SMG. In Sec. V,
we discuss chameleon, symmetron, and dilaton models and
constrain them by the current observations. Finally, we
conclude our results in Sec. VL.

Throughout this paper, the metric convention is chosen
as (—,+,+,+) and Greek indices (u,v,---) run over
0,1,2,3. We set the units to ¢ = A = 1, and therefore, the
reduced Planck mass is Mp = /1/8%zG, where G is the
Newtonian gravitational constant.

II. ACTION FUNCTIONAL
AND FIELD EQUATIONS

A general scalar-tensor theory with two arbitrary func-
tions is given by the following action in the Einstein frame
[15-19]:

2
Sg = /d4x —9E {%RE - % (VE¢)2 - V(¢)

+ S A2 (D) i), (1)

where gg is the determinant of the Einstein frame metric

g,}fy, Ry is the Ricci scalar, wﬁ,’;) are various matter fields

labeled by i, V(¢) is a bare potential characterizing the
scalar self-interaction, and A(¢) is a conformal coupling
function. In the Einstein frame, the scalar field ¢ interacts
directly with matter fields l//,(,i) through the conformal
coupling function A(¢). In the Jordan frame, the matter

fields 1//5,’;> couple to the Jordan frame metric gfw through a
conformal rescaling of the Einstein frame metric g};:,, as [22]

g;Jw = A? (¢)95w (2)

where the coupling function A(¢) is usually different for
different matter fields y/%). For simplicity, from now on, we
assume that all matter fields couple in the same way to the
scalar field with a universal coupling function A(¢).

The variation of the action (1) with respect to the metric
field and the scalar field yields the metric field equation of
motion (EOM) and the scalar field EOM:

Ry, = 82GI[Sy, + 0,00,¢ + V(h) gy, (3)
dv(¢) g dA(¢)
g = - 4
?="a T Apae @
with
SEI/ = T;l;:v - %QEDTE’ (5)
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where T, = (=2/,/=05)8S,,/54% is the energy-momen-
tum tensor of matter in the Einstein frame, TF is the trace of
the energy-momentum tensor 7, and O = ¢V, V,. The
scalar field EOM (4) can be rewritten as follows (Klein-
Gordon equation):

_ AV
0 =3 ©)
with the effective potential
Verr(#) = V($) + plA(g) — 1], (7)

where the matter is assumed to be nonrelativistic. Here, p
is defined as the conserved energy density in the Einstein
frame; i.e., p is independent of ¢. The density p is related
to the Einstein frame and Jordan frame matter densities
by [47]

PE 3
:—:A . 8
P== pi (8)

The scalar field is governed by the effective potential
Ve (), and the shape of the effective potential determines
the behavior of the scalar field. For a general scalar-tensor
theory with two arbitrary functions V(¢) and A(¢), the
shape of the effective potential V () is usually arbitrary,
and this scalar field generally does not have screening
properties. For suitably chosen functions V(¢) and A(¢),
the effective potential V() can have a minimum; i.e., the
scalar field has a physical vacuum. Around this minimum
(physical vacuum), the scalar field acquires an effective
mass which increases as the ambient density increases, and
the scalar field can be screened in high density environ-
ments. This kind of scalar-tensor gravity with a screening
mechanism is often called screened modified gravity
(SMG) [39,40,42], which can generate the screening effect
to suppress the fifth force in high density environments and
pass the solar system tests. There are many SMG models in
the market, including the chameleon, symmetron, and
dilaton models [39], in which the functions V(¢) and
A(¢) are chosen as the specific forms.

The following two conditions (9a) and (9b) guarantee
that the effective potential V.4(¢p) has a minimum.
Differentiation of the effective potential with respect to

¢ is zero at ¢ = Ppin(p), i-e.,

dveff
d¢ ¢min

=0, (9a)

and the value of ¢,;,(p) decreases as the ambient density
increases. The effective mass m(p) of the scalar field at
the minimum is defined as
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2 _ szeff
meff = d ¢2 ’
¢min

(9b)

which should be a positive and monotonically increasing
function of the ambient density.

Let us consider a static spherically symmetric and
constant density source object, which is embedded in a
homogeneous background. Then, the scalar field EOM (6)
simplifies to

¢ 2d
2 )= dul).  (10)
with
_ [po forr<R
p(r)—{poo for r > R’ ()

where R is the radius of the source object, p is the density
of the source object, and p,, is the background matter
density. For the solar system, in general, p, is the
cosmological matter density or galactic matter density
[39,48], which corresponds to the cosmological back-
ground or galactic background, respectively.

Equation (10) is a second-order differential equation, and
the boundary conditions are required as follows [25]:

%:O at r =0,
¢~ b asr— oo, (12)

where ¢, is the scalar field VEV (scalar background),
depending on the background matter density p.,. The first
condition guarantees that the scalar field is nonsingular at
the origin [25], and the second one implies that the scalar
field asymptotically converges to the scalar background.
Moreover, ¢ and d¢/dr are, of course, continuous at the
surface of the source object. By solving Eq. (10) directly,
we get the exact solution

¢(r <R) = ¢y +ésinh(mor), (13a)
¢(r>R) =g+ ge"”wr, (13b)
with
_ (¢oo - ¢0)(1 + mooR)
N mg cosh(mgR) + my, sinh(mgR)’ (14a)
B = —¢"% (s — ¢0) moR — tanh(moR) (14b)

mg + mg, tanh(myR)’

where ¢po and ¢, are, respectively, the positions of the
minimum of V. inside and far outside the source object,
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and mg and m, are, respectively, the effective masses of the
scalar field at ¢y and ¢.. All these quantities can be
obtained by two given functions V(¢) and A(¢).

The scalar field is screened on solar system scales (high
density), which requires that the typical scale of the solar
system R is much larger than the fifth force range mg'. In
addition, the scalar field works on cosmological scales (low
density), which requires that mg! is close to the Hubble
scale. So, the conditions myR > 1 and m R < 1 can
always be satisfied on solar system scales. In this paper,
we only consider the exterior solution of the scalar field.
Using these two relations, the exterior scalar field (13b) is
reduced to

GM
W) = o = eMp = Eemr(15)
with
¢oo - ¢0
e=————, 16
Mqu)E ( )

where Mg is the mass of the source object in the Einstein
frame, 5 = GMg/R is the Newtonian potential at the
surface of the source object in the Einstein frame, and the
parameter € depends on background matter density p., and
the physical properties (density p, and radius R) of the
source object. Obviously, the screening effect is very strong
for e < 1 and quite weak for € = 1, so € is always called the
screened parameter or the thin-shell parameter in the
literature [25].

This completes the solution of the scalar field EOM in
the Einstein frame. In the next section, we use the scalar
field solution to derive the post-Newtonian metric field
equations in the Einstein frame.

III. POST-NEWTONIAN APPROXIMATION
IN THE EINSTEIN FRAME

In order to solve the metric field EOM (3), we make use
of the PPN formalism introduced in [45,46]. In this
formalism, the gravitational field of the source is weak
GM/r < 1, and the typical velocity v of the source matter
is small v2 ~ GM /r < 1. Thus, we can use the perturbative
expansion method to solve the field equations, and all
dynamical quantities can be expanded to O(n) « v*" (note
that other authors use the convention O(n) o v").

In this section, we consider a static spherically sym-
metric source and assume that the source object is con-
stituted by a perfect fluid which obeys the post-Newtonian
hydrodynamics. We start from this assumption and expand
the metric field EOM to O(n) o« v*" in the weak field limit
around the flat Minkowski background and the scalar
background (scalar field VEV). The resulting equations
can then be solved subsequently for each order of magni-
tude in the next section.
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For the metric field g, in the weak field, it can
be expanded around the flat Minkowski background as
follows:

9w = NMw + hm/
= N + B+ h) + O(3). (17)

This metric can also be written in the spherically symmetric
and isotropic coordinates (g, r, 0, ) in the Einstein frame,

1 2
ds = — [1 = hig(r) — hisy (r)]de
1+ B2 (M) + 2dQ?),  (18)

where 7z and r are the time and radial coordinates
in the Einstein frame, respectively. Each term hg;l)y is of
order O(n). The term dQ? is defined by dQ? = dr*+
sin’0dg?, and the flat Minkowski background is 7,, =
diag(—1, 1, 72, r’sin®9).

For the scalar field ¢, the exterior solution (15) is a
following expansion in the weak field limit around the
scalar background,

$(r) = hpoo + ¢ (1), (19)
where (1) is of order O(1), given by

GMg

¢ (r) = —eMp, e, (20)
¢ = ¢yry 1s the scalar background (scalar field VEV),
which depends on the background matter density p,. Note
that, the term ¢ naturally does not exist in our expression
of the scalar field ¢ (15), which is different from the results
derived in other method [43,44]. Then, the bare potential
V(¢) and the coupling function A(¢) can be expanded in
Taylor’s series around the scalar background,

V() = Vyey + Vi(d — ds) + Va(d — doo)* + O(3).
(21a)

A(p) = Avev + A (¢ — o) + Ar(d — doo)* + O(3),
(21b)

where Aygy = A(¢ygy) is the coupling function VEV, and
Vyvey = V(¢ygy) is the bare potential VEV, which acts as
the effective cosmological constant to accelerate the
expansion of the late Universe.

The energy-momentum tensor is given by that of a
perfect fluid [45,46]

" = (p + pIl + p)u'u” + pg*, (22)
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and the tensor SED (5) is expanded in the form

1 3
Sgo :EPE(l +HE+211123—h](51())0) +EPE+O(3), (23a)
g1
Srr = E,DE + 0(2), (23b)
E_ 1
Seo = SPE T 0(2), (23¢)
1
SE, = Zpprisin?d + O(2), (23d)

2

where p is density of rest mass, p is pressure, Il is
internal energy per unit rest mass, u* is four-velocity, and
the index E indicates that a quantity is defined in the
Einstein frame. For solar system tests, we typically have
p<<p, Ik 1, and v < 1. So, we neglect the effects of
pressure, internal energy, and velocity in the following
discussions.

By using these relations, the right-hand sides of the
metric field EOM (3) can be expanded to the required order
in the form

p p
RE, = 82G [—VVEV + 7‘5 + Vyevhi — Vi) — EEhg‘(}O

+ Vypyhh + VigWhl — v2(¢<1>)2} +0(3),

(24a)
firr =0 {VVEV o V) + V1¢(1)} +0(2),

(24b)
Rg() = 872Gr? |:VVEV —1—%3 + VVEVhl(alr)r + V1¢(1):| +0(2),

(24c)
RE, = REsin20 + O(2). (24d)

The left-hand sides of the metric field EOM (3), i.e., the
components of the Ricci tensor, are expanded to the same
order in the form

1 1 1 2 1 1
Ry = -3 V2hito =5 (V206 - AL V2AG
1 1 1 1 1
3 O+ OO ) +O0)
(25a)

1 1
R];‘r = Eaghgo)o - a%h](ilr)r - ;arhl(ilr)r + 0(2)’ (25b)
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1 1 3
Ry =3 (Lot -aen-20), ) o). (25¢)

RE, = RE,sin’0 + O(2), (25d)
where V2 =02 +2/r0, is the flat space spherical coor-
dinate Laplace operator. Obviously, Egs. (24d) and (25d)
are equivalent to Eqs. (24c) and (25c), so there are only
three independent equations, which are solved to derive the
PPN parameters in the following sections.

IV. STATIC SPHERICALLY SYMMETRIC
SOLUTION

A. Metric in the Einstein frame

Since the metric gravitational field is always massless in
SMG, similar to the previous work [43], we solve the
metric field equations in the case of a point source, i.e.,
P = Mgd(r). In the following calculation, we neglect dark

energy Vygy [3] and gravity h,(,'z)

interaction terms
VVEvhfﬂ) since the effect of this interaction is quite weak
on solar system scales.

We consider the post-Newtonian metric field equa-
tions (24a) and (25a) up to first order and obtain the

equation
V%hl(alo)o = 87G(2Vygy —pp +2Vi9V).  (26)
Using the scalar field (20), the solution is given by

872GV
ee—mmr> +%,@'

r) = —
EOO( ) r Mle%o

(27)

For the spatial components, up to first order, the post-
Newtonian metric field equations (24b), (25b), (24c), and
(25¢) follow

1 1 n 1 1
E a%hl(i())o - a%hl(ir)r - ; arl’l](-_?r>r

= 87TG (VVEV —+ pEE + V1¢(1>> s (288.)
1 3
; a71/11(310)0 - 8%h](ilr)r - ; arhl(ilr)r

= 87G(2Vygy + pr +2V19W). (28b)

Combining these two equations, and using Eq. (20),
we have

V2hi), = 82G(=Vvey — pr = VipM), (29)

and the solution is also derived by applying the solution of
scalar field in (20),
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1 2GM Vv . 871GV
hér)r(r) = E <1 2Mp]1”n2 €e M ) % VEV ;2

(30)

We now consider the post-Newtonian metric field
equation [(24a) and (25a)]. Up to second order, we obtain
the equation

2y 1 1 1 1
v%hl(ao)o + Earhl(z())oar(hl(io)o + hg))
1 1
= 82G2V14) (ki) — hig) +2Va2(¢)2). (31)
where we have neglected the terms th,(li,) and ppp),
which correspond to the gravitational self-energies and do
not affect the calculation of the PPN parameter pj

[43,45,46]. Using the metric fields (27) and (30) and the
scalar field (20), the solution of Eq. (31) is given by

2G*M? 5V
h? __ E||_ L q— s
g0 (7) 2 4Mlego( mer)ee
1% 3v?
— 22 1-— 5 21 €2moore—2mmr
2mé, Mgmg,V,
V% 2,2
+W(l —moor)e e Moo
5V
%e(mmr)in(—mmr)
4Mp1moo
Vo, o 5VE N, 2
- (m—%o—rwglmio €*(myr)*Ei(—2myr)|,

(32)

where the function Ei(—x) is defined by the exponential
integral

Ei(—x) = — / " da ": . (33)

The quantity m, is the effective mass of the scalar field at
P = Po- Using the relations (21) and (9b), this quantity can
be written as

mg, = 2(Va + peody). (34)

B. Metric in the Jordan frame

SMG theories are usually expressed either in the Einstein
frame or in the Jordan frame, and these two frames are
related by a conformal rescaling [22]. The PPN parameters
are defined in the Jordan frame [43,45,46], so we should
transform to the Jordan frame to get the expressions of
parameters y and f.

In the weak field limit, the metric is written in the
spherically symmetric and isotropic coordinates (fy, ¥, 8, @)
as follows:

PHYSICAL REVIEW D 93, 124003 (2016)

ds? == [1 = high(x) — higo (0}

[+ iy (0)(de? +22d22). (35)
where dQ? = dr* + sin’0d¢?, and t; and y are the time and
radial coordinates in the Jordan frame, respectively, which
relate to the corresponding quantities in the Einstein frame
through the relations (38d). This metric naturally satisfies
the standard post-Newtonian gauge [45], and the PPN
parameters y and f are defined in the form [45,46]

) =2, (362
) = 22, (360)
W) =-p00 “CEA (aee)

where G is the effective gravitational “constant,” and Mj
is the mass of the source object in the Jordan frame, which
relates to the mass in the Einstein frame through the relation
(39). As mentioned above, in this paper, we neglect the
effects of the pressure p, internal energy I, and velocity v
of the source object, which may contribute additional PPN
parameters [43,45,46].

Using the relations (18) and (21b), the conformal
rescaling (2) turns into

ds} = (p)ds?

24, 24,

1 2 1
e L Rt A
VEV VEV
2A A?
<A : +A21 >(¢(1))2}A%Evdﬁza
VEV VEV

24
+ <1 R ! (l)(l))A%,EV(drz +r2dQ?).
AVEV

(37)

Comparing this relation (37) with the Jordan frame metric
in (35), we obtain the relations

24,

1 1
h§02) = h](EO)O " Avey o, (38a)
| 1 24,
iy =y 3 L, (38b)
2A 2A A?
AC X C) L) a1y _ 2 1 (132
300 = Mgoo + Aypy TEO Avey + e, ('),
(38¢)
with
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1y = Avevlg, h;é())(r) _ 2GMg n (AIMPI W . >€2GME oMol
X = Avev’. (38d) Avey  Mpimg, r
SﬂGVVEV > 40 )
Using the relations in (38d) and (8), the masses in these two 3 . (40a
frames are related by
MJ _ ME , (39) h<1) (r) _ 2GME _ A]Mp] _ Vl ZGME e_mmr
Avey Y r Avey  2Mpmg, r
which follows the relation My = Mgr. _8aGVygy 2 (40b)
Using the scalar field (20) and the metric fields (27), 6 ’
(30), and (32), from the relations (38), we obtain the
components of the Jordan frame metric:
|
2G*M3 2AM 5V A2 A
h%z)(”) =- 3 Bl 4 2R ppmmer .~ 71 5 (1 —mgr)ee™=" +M12>1 <—21 4+ 2 )626—21nmr
r Avgy AMpymg, 2AVgy  Avev
2V, A Vi 14 3vi
_%EZe—ZInwr_Fﬁ(l —moo}’)€2€_2m°°r— 22 (1 -— 21 >€2moore—2mwr
mooAVEV 4MP1m°o 2m°o Mleoo V2
5V, - Vo o 5VE N, -
+m€(mwr) El(—moor) - <m—go—m € (moor) El(—2moor) . (40C)

Note that the Jordan frame metrics contain the form of a
Yukawa potential, which is controlled by the screened
parameter.

C. PPN parameters y and f§ and effective
gravitational constant G

Now, let us calculate the PPN parameters y, and  and the

|

is very weak on solar system scales. In next subsection, we

discuss its effect separately on cosmological scales.
Using the relations (38d) and (39), from the relations

(36) and (40), we can identify the PPN parameters y(r, €),

B(r, €), and the effective gravitational constant Gz (7, €) in

the following form:

(2A1MP| _ 3V . )€€_m°°r
effective gravitational constant G as given in the Jordan y(re) =1- AV'ZV 7 2MP"$°° —— ., (41a)
frame metric (40). In this subsection, we neglect the U+ (G —aram)ee™"
cosmological constant Vygy in the metric since its effect
|
1 3V, 5 A2 A,
B(re)=1- {— (1 +=m r> ee™M=" - M3 <—— S s
1+ (éxlvlfjl - M—:;é Jee =2 | dMpymg, 3% P\24%y  Avey
3v3 1 V, 3v3
+7 1 _ 2 —2m°°r + l_ 1 2 —Qmmr
A, ( 3 mw’)e I gz T aay, )¢ e
5V, , V, 5V? .
—We(mwr)zEl(—moor) + (m—z—W ez(moor)zEl(—Zmoor) , (41b)

A Mp, Vi -
Geir(r. €) = GAYgy [1 + (—_Mplmgo ee =

(41c)

AVEV

This is one of the main results of this article. The Taylor
coefficients (Vygy, Vi, Va; Avey, A1, A,), the screened
parameter €, and the effective mass m, can all be obtained
from two arbitrary functions V(¢) and A(¢). Obviously,

|

the PPN parameters and the effective gravitational constant
depend not only on the distance r between the source object
and the test mass but also on the screened parameter €. The
screened parameter depends on background matter density
P and the physical properties (density p, and radius R) of
the source object. That is to say, there are different PPN
parameters and effective gravitational constants for differ-
ent sources in SMG theories. Therefore, the observational
constraints in the solar system, including the Cassini
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constraint and the perihelion shift of Mercury constraint,
etc., are applicable only to the Sun but not to other sources
in SMG theories.

Note that for the compact objects (such as the Sun, the
Earth, and the Moon) the screening effect is very strong,
and the fifth force is much weaker than the gravitational
force. However, for galaxies and galaxy clusters, their
densities are very low, the screening effect becomes weak,
and the fifth force becomes comparable with the gravita-
tional force. The extra fifth force may manifestly change
the behavior of the circular velocity for the test objects in
the outskirts of the galactic halo [29] and be involved to
explain their observed cored density distribution [41]. The
scalar field may be screened in the interior of the cluster,
while its outer region can still be affected by the fifth force.
The potential governing the dynamics of the matter fields
can differ significantly from the lensing potential, which
leads to a difference between the mass of the halo obtained
from dynamical measurements (e.g., velocity dispersion)
and that obtained from gravitational lensing [34,42]. So, we
expect that the model parameter space of SMG would be
further depressed if observations at galactic scales were
included. This issue will be addressed in our future study.

In the solar system, the distance r is always much less
than the Compton wavelength mg!, which roughly is of
cosmological scales, i.e., mr < 1 is satisfied. At the same
time, the screening effect is very strong for the Sun (dense
body) and the screened parameter ¢ < 1. In the case of
x < 1, the asymptotic behavior of the exponential integral
function Ei(—x) is

2
Ei(—x) = Inx + ygum —x—|—xz—|— O(x%), (42)

where ygy = 0.57721--- is the Euler-Mascheroni
constant. Therefore, in the case m r <1, the
terms involving (mg,r)*Ei(—myr) fall off proportional
to  (mer)>In(—mgr), and the terms involving
(mer) exp(—mr) fall off proportional to mgr. All these
terms may be neglected. Thus, the PPN parameters and
the effective gravitational constant are simplified as

Avgy 2MP1mc2>o
ZA%MI%1 TV, A, 3V% 3 (43a)
- € S
A%/EV 2m%oAVEV 2M 1231"1‘;0
R1% A A?
ﬁ(e):1+712e {( - 7 )Ml%l
4Mplmoo AVEV 2AVEV
3V A 3V% 2 (43b)
ZméAVEV 4M%,1mio ’
AM 1%
G (€) = GA2 [1+( ! Pl—7]>€} 43¢
1(6) = Gy [ 1+ (1= s (43¢)
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These relations are applicable to the solar system (or other
solar systems), in which the screening effect is very strong
€ < 1 and the PPN parameters y and f are both close to
unity. Comparing the effective gravitational constant (43c)
with the PPN parameter y (43a), we find the approximate
relation

Ganle) = Gy [1 -9 a4

In fact, in the case ¢ < 1, a general relation like this can
be obtained from the relations (41c¢) and (41a),

Gunlri€) = G [1 -G as)

which is applicable to the generic SMG.
Let us consider a general coupling function A(¢) in
the form

Alp) =1 +§an (¢_¢*>", (46)

Mp

where a,, and ¢, are free parameters. Using the screened
parameter (16), the coupling function VEV can be
expressed as

+00
Avpy ~ 1+ Z a,(Pge)", (47)
n=1

where ®g is the Newtonian potential at the surface of the
source object in the Einstein frame. For the compact objects
(such as the Sun, the Earth, and the Moon), ®g is always
much less than unity, and the screening effect is very strong
€ < 1, which follows that |Aygy — 1| < 1. Using this
result and the Cassini constraint |yo,s — 1] <2.3 x 1073
[49], from the relation (44), we have

| Geff (€Sun )
G

Gl |ys““2 Uetixios, @8
which is applicable to any generic SMG. This result implies
that the effective gravitational constant Geg(€gy,) 1S
approximately equal to the Newtonian gravitational con-
stant G within 107> accuracy in the solar system.

For the limiting case with € — 0, from the relations (43)
and (47), we obtain y — 1, f — 1, and G — G. These
imply that SMG converges back to GR in this limiting case
because of the PPN parameters y = # = 1 in GR [45,46].

D. Effective cosmological constant

SMG contains a scalar degree of freedom, whose
potential can naturally provide the vacuum energy required
to drive cosmic acceleration at late times. More precisely,
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SMG requires that the effective potential of the scalar field
has a minimum, which can be understood as a stable
vacuum. Around this minimum (physical vacuum), the bare
potential has a VEV, which can play the role of cosmo-
logical constant (or, equivalently, dark energy). In this
subsection, we discuss this issue for the generic SMG.

Considering the metric of SMG around the dense object
(such as white dwarf, neutron star, and black hole), the
screened parameter is ¢ — 0. In this limiting case, from
the relation (47), we have Aygy — 1. Using this, and the
relations in (38) and (39), we derive

Gow = Gho» (49a)

t; = tg, x>, M; — Mg, (49b)
which imply that the Einstein and Jordan frame converge to
the same frame in this limit. Furthermore, in this limit, from
the Jordan frame metric (40) or the Einstein frame metric
(27) and (30), we find that these two frame metrics both

converge to

with
A = 8ﬂGVVEv. (51)
This is the isotropic form of the Schwarzschild-(A)de Sitter

metric [50] in the weak field limit. Using the coordinate
transformation

r=7<1—G~M+A72), (52)

we obtain the standard form of the Schwarzschild-(A)de
Sitter metric in the weak field limit,

s (12922

7

2GM
(147

A
+3 72> A7 + PdQ2. (53)

It is easy to identify the cosmological constant A, and we
can see that SMG converges back to GR with a cosmo-
logical constant in the limit ¢ — 0. Thus, the density of the
effective cosmological constant (or effective “dark energy”)
is given by

pr = Vvev = Vidvev(pm)), (54)
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which can be constrained by various cosmological
observations. In addition, in order to consist with current
observations, the dark energy density should be nearly
equal to a constant, and the evolution with the redshift
should be slow, which is beyond the scope of the present
work. In this paper, we only consider the current energy
density of the effect “dark energy” (labeled by the
subscript “0”) and constrain the parameters of some
specific SMG models, including chameleon, symmetron,
and dilaton.

V. SOLAR SYSTEM AND COSMOLOGICAL
CONSTRAINTS

There are different experimental constraints on the PPN
parameters y and . Currently, the high accuracy exper-
imental constraints mainly come from the solar system tests.
The most stringent constraint on y in the solar system comes
from the measurements of the Cassini spacecraft, which
measured the Shapiro time delay of a radio signal sent from
and to the Cassini spacecraft while close to conjunction
with the Sun and got yp—1=(2.142.3)x 107> at the 1o
confidence level [49].

The most stringent constraint on # comes from measure-
ments of the perihelion shift of Mercury, which depends on
the combination |2y — # — 1| of the PPN parameters and the
solar quadrupole moment J,. The latest inversions of
helioseismology data give J, = (2.2 4+0.1) x 1077 [51].
Adopting the Cassini bound on y, these analyses yield a
bound on Sy — 1 = (4.1 +7.8) x 1075 [46].

A number of advanced experiments or space missions
are under development or have been proposed, which could
lead to significant improvements in values of the PPN
parameters. The Gaia satellite was launched from Europe’s
Spaceport in 2013, which is located around the L2
Lagrange point of the Sun-Earth system. The Gaia satellite
is a high-precision astrometric orbiting telescope; it could
measure light deflection and is expected to improve the
constraint on y to the 107 level [52]. The BepiColombo is
a mission to explore the planet Mercury, which is scheduled
for launch in 2017. An eight-year mission could yield
further improvements by factors of 2-5 in f [53,54].

For the cosmological constraints, we need the
current values of the dark energy density p, and
the cosmological matter density p,,, or, equivalently, the
current values of the density parameters €2, and €, and
the Hubble constant H,. The latest results come from
the observations of the Planck satellite, the best-fit values of
these parameters are Q, = 0.683, Q, =0.317, and
Hy, =673 km-s~!Mpc™! [55].

In this section, we focus on three specific theories of
SMG (chameleon, symmetron, and dilaton models). By
investigating these models on solar system and cosmologi-
cal scales, we derive the combined constraints on model
parameters.
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A. Chameleons

1. The original chameleon

In order that a certain massive scalar-tensor gravity can
satisfy the solar system experiments, the chameleon model
was introduced as a screening mechanism by Khoury and
Weltman [25-27]. The original chameleon model is char-
acterized by the Ratra-Peebles runaway potential and an
exponential coupling function

v =" (554
A@) = e £2), (55b)

where M is a constant with the dimension of mass, £ is a
positive coupling constant, and a~ O(1) is a positive
constant index.

The chameleon effective potential has a minimum. Using
the relations in (9a) and (9b), we obtain the chameleon field
value and the effective mass of the chameleon at this
minimum,

M M4+a ﬁ
o) = () (56a)
mi(p) = @+ gt (s6)

We find that for the higher ambient density p, the value
of ¢min 1s smaller and the effective mass m.g is larger.
The Ratra-Peebles runaway potential V(¢) and the
exponential coupling function A(¢) are expanded in
Taylor’s series at the chameleon VEV ¢ = ¢ppnin(Pe)
as follows:

V()= Lalo Py

aMp  Mp
(@+ 1)épo
SR b= b+ (5Ta
2Mp1e, ( (372)
oo ¢ e
A(g) = e + = e (¢ = o)
Mp,
i 2 (57b
From these formulas, we obtain the expansion
coefficients
SPooPoo Pso
Vvey = , Vi=—->-,
VEV = Moy 1 Mo
1
vV, = (a+1)pe (58a)

2MP1¢00 '
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2 gen

$hoo e"pl eMpi

Aypy = e, A= , ) = 5. (58b)
My, 2M3,

where p, is the background matter density of the solar
system. If considering the cosmological background, p,
is the cosmological matter density p,,. However, if
considering the galactic background, p. is the galactic
matter density p,,; = 10°p,, .

Using these coefficients and the relations in (56) and
(16), from the relations in (43), we obtain the expressions of
parameters (7, 3, G) as

2
y—1= My’ (59a)
_ 3 P \2 1
o =) 5 o
Ger | (do
o =35 (59¢)

where ® is the Newtonian potential at the surface of the
source object, and for the Sun we have ® =2.12 x 1075,
These results are consistent with the previous ones in the
literature [48], where only y parameter was obtained. From
these formulas, we can also get the relations between these
parameters,

ﬂ_17_3<1>(y—1)2
168 (a+ 1)’
Geff_l__}’—1
G 27
by -1
Avpy — 1 = —¥- (60)

Obviously, | — 1| < |y — 1|. Using the Cassini constraint
[7ops — 1] £2.3 x 107, we obtain the constraint on the
model parameters,

M4+a #
o _ 5(“ . ) '<24x 1071, (61)
Mp, §MP1/)00

In addition, the bounds on the other parameters are also
derived,

|p—1] <1076 for ¢~ O(1),

G .
‘—e“—1’§1.1x10_5,
G
Aygy — 1] < 2.4 x 10711, (62)

which strongly indicate that the PPN parameter f = 1, the
effective gravitational constant G = G, and the exponen-
tial coupling function VEV Aygy = 1 for chameleon.
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Unfortunately, for the original chameleon, it is impos-
sible to explain cosmic acceleration and to pass the solar
system experiments at the same time. For the current
Universe, the cosmological observations give the density
ratio py, /p,, = 2.15. However, in the theoretical side,
from the relations Vygy (58a) and (54), we get the ratio
between them,

Pmy aMPl

where the density p, = p,,,, corresponding to the cosmo-
logical matter density. Using the relation in (56a), Eq. (63)
turns into

alogmp +1logpy, a 0g apy,
44+ a 4+ a \/8ﬂ§pm0’

logM = (64)

where mp = 1.22 x 10" GeV is the Planck mass, and
pa, = 2.51 x 1077 GeV* is the dark energy density. In the
case with £~ O(1) and a~ O(1), the relation (64) is
reduced to

19a — 47

logM(GeV) = g
a

. (65)

which is the same relation as found in [48,56]. This implies
that the influences of the coupling constant £ and the
cosmological matter density p,,, are much weaker than that
of parameter a.

From the solar system constraint (61), we obtain its
equivalent form

§¢oo(pm0) <24 % 10_11 l <p;.°>ﬁ
aMp "~ @ \Pm,

(66)
Obviously, in the cases with either the cosmological
background (p, = p,,,) or the Milky Way galaxy back-
ground (po, = pgq), the solar system constraint (66) is
always incompatible with the cosmological relation (63) for
a~ O(1). In other words, the original chameleon cannot
explain cosmic acceleration and pass solar system con-
straints at the same time, which is consistent with con-
clusion found in [48].

2. The exponential chameleon

The original chameleon is ruled out by the combined
constraints of the solar system and cosmology. However,
the idea of chameleon can be resurrected by modifying the
potential in the form,

V(g) = M* exp (Z) . (67)

PHYSICAL REVIEW D 93, 124003 (2016)

This chameleon model is called the exponential chameleon
and proposed in [28].

We consider the case with ¢/ M > 1. Using the relation
(56a) and considering the cosmological matter density
P =P, = 1.17 x 1077 GeV*, we get that

M > 1.69 x 10713 eV. (68)
In this case, the exponential potential (67) is reduced to

Mo
¢a ’

which is equivalent to the Ratra-Peebles runaway potential
plus a cosmological constant (71). Therefore, all calcu-
lations of the exponential chameleon are the same as the
calculations of the original chameleon, except for the
effective dark energy density. The dark energy density of
the exponential chameleon is given by

Epoo (Pimy)
= MH 2T, 7
pAo + aMP] /)mo ( 0)

V(p) = M* + (69)

Taking into account the solar system constraint (66), the
cosmological relation (70) is simplified to

M =p)* ~0.002 eV, (71)

which is consistent with the relation (68). Using this, the
solar system constraint on the parameters £ and a becomes

P

(19.5 —logé)a — loga = 10.6 — log (72)
PA,

In Fig. 1, we plot the constraints on the model parameters
a and & by considering the cosmological background or
the galactic background. In both cases, we find that the
constraint on £ is much looser than that on a. For the strong
coupling with £ 2 1, we have @ 2 0.547 in the case with the
cosmological background and a 2 0.257 in the case with
the galactic background. Even in the limit case with
£>10719, the constraint on « is slightly looser, which is
a 2 0.355 in the case with the cosmological background
and a 2 0.163 in the case with the galactic background.

B. Symmetron

The symmetron models are characterized by a Z,
symmetry breaking potential (a Mexican hat potential)
and a quadratic coupling function [30-34],

1 A

V(g) =V, - §M2¢2 + 14547 (73a)
¢2

Alp) =1+ W (73b)
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FIG. 1. In the parameter space of exponential chameleon
models, the shadow region is allowed by the Cassini experiment,
if assuming the cosmological background, i.e., po, = p,,,. While
the yellow region is allowed if assuming the galactic background,
L., Poo = Pyal-

where y and M are mass scales, 4 is a positive dimension-
less coupling constant, and V, is the vacuum energy of the
bare potential V(¢). The effective potential Vg of sym-
metron has a minimum. Using the relations (9a) and (9b),
we obtain the field value and the effective mass of the
symmetron at this minimum,

0 for p > pssp

Dumin(P) = Il (1 >% o (74)

for p < pssp

I8 (L - 1) for p > pssp
mesz(/)) = (74b)

2u? <1 - L) for p < pssp

where pggp = M?u? is the critical matter density of
spontaneous symmetry breaking (SSB). In high density
regions, where p > pgsp, the effective potential has a
minimum at ¢, = 0, and the Z, symmetry ¢ - —¢ is
ensured. However, in low density regions, where p < pggsg,
the Z, symmetry ¢ — —¢ is spontaneously broken. In this
case, the effective potential has two of the same minima,
and the field settles at one of them. Note that for either the
positive VEV of scalar field or the negative one the physical
results are same since the scalar field VEV always exists as
its square form in the PPN parameters and effective
gravitational constant [see Eq. (78)]. Without loss of
generality, we choose the positive scalar field VEV,

1
Y24 Poo \2
b = ﬁ <1 _@> for po, < pssg. (75)
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where p, is the background matter density of the solar
system. Similar to the chameleon models, we have p,, =
Pm, 1f considering the cosmological matter density as
background, while p., = p,,; if setting the galactic matter
density as background.

The Z, symmetry breaking potential V(¢) and the
quadratic coupling function A(¢) are expanded in
Taylor’s series at this VEV,

2
Pss ~ e Poo¢oo
Vip) =V, —
(¢) 0 4),M4 (¢ ¢oo>
3Ps0
+ </42 ~ Mz) (¢ = heo)” + (76a)
P ¢oo
(76b)
The expansion coefficients are obtained directly,
2 2
PssB ~ P PooPoo
V — \/ - ) V = - ’
VEV 0 4},M4 1 M2
3 s
V2 =’ - W’ (773)
= P 1
AVEV:1+2M27 AIZW7 A2:2M2- (77b)

Using these coefficients and the relations, we get the
expressions of y, B, and G as follows:

2¢%
7—1:—Ajz¢, (78a)
P
p—1= 3 <M<I>> (78b)
Geff _ ¢%o
G 1= o (78c¢)

These results are consistent with the previous ones in the
literature [30], where only the y parameter was obtained.
From these formulas, we can also get the useful relations
between these parameters,

y—1=-49(p-1),

Geff_1:_7_1
G 2
Aypy =1 =Q*(B - 1). (79)

Obviously, for the symmetron, we always have
ly — 1| < | — 1], so the constraints on the model param-
eters are mainly from the measurements of S instead
of y. Using the perihelion shift of the Mercury constraint
|Bobs — 1| < 7.8 x 1075 and the relations in (78), we obtain
the following bound on the symmetron parameters:
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PSS~ P <70 x 10716, (80)
M

Using this bound, we also get the constraints on y, G, and
Avygy for the symmetron models,

ly = 1] $6.6 x 10710,

‘ Geff _

11 <£33x1071°,

IAvey — 1] $3.5 x 1071°, (81)

which strongly indicate that the PPN parameter y = 1, the
effective gravitational constant G = G, and the quadratic
coupling function VEV Aygy = 1 for symmetron.

From the formula Vygy in (77a) and the relation in (54),
we obtain the energy density of effective dark energy in
symmetron models,

PssB ~ Pm
Pr =Vo= =
4 2
o Pm
=V, -y Mo 82
vy (82)

where we have used p, =p,, for the cosmological
background. In order to get the accelerated expansion of
the Universe (p,, > 0), we need

W o

Vo > 4 0, (83)
i.e., the vacuum energy V, of the bare potential must be
positive. Now, let us consider two specific cases of V,,
function.

Case 1: Vy =0

This is the original symmetron model suggested in the
literature [30,31]. From the relation (82), we can see that
the original symmetron has a negative cosmological con-
stant and cannot drive cosmic acceleration at late times,
which is consistent with the conclusion in the previous
work [31].

Case 2: \y = pu* /42

This kind of model is proposed in [35]. In this case, the
density of symmetron dark energy is

_ P 84
PAO—W7 ( )

and the solar system constraint (80) becomes

0 < P8B 7P <g 510717 (85)
Pong

From these relations, we evaluate the model parameters of
symmetron as follows:
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aM = Pmo <%> =1.4x 107 GeV*,  (86)

4 \pa,
and
me =12 x107% GeV* for CB
M2 = {p v . (87)
Poar = 107 GeV* for GB

where po, = p,,, and po, = py, corresponding to the
cosmological background (CB) and the galactic back-
ground (GB), respectively.

C. Dilaton

The dilaton model, inspired by string theory in the large
string coupling limit, has an exponentially runaway poten-
tial and a quadratic coupling function [20,36-38],

V() = Voexp (— Mip) (88a)
Alp) =1+ M, (88b)

2M?

where V), is a constant with the dimension of energy
density, M labels the energy scale of the theory, and ¢, is
approximately the value of ¢ today.

The dilaton effective potential Vg also has a minimum.
Using the relations (9a) and (9b), we obtain the dilaton field
value and the effective mass of the dilaton at this minimum,

Drmin (p) = e A‘ﬁ‘:' s (8921)

P Vo _ox
meg(p) = v M—g e M. (89b)
Pl

The exponentially runaway potential V(¢) and the quad-
ratic coupling function A(¢) can be expanded in Taylor’s
series at the dilaton VEV ¢, = @pin(Poo ),

Vg) = Voe I~ T (g~ )

Pl
Vo =
oy (= o)+ (90a)
_ 2 _
1
+W(¢_¢oo)2+"" (90b)

So, the expansion coefficients are derived directly,
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4'00 '/Joo
_foo Voe_MT’l V()e_MiPl
V - M ) V I —— - )
vEV = Vpe m 1 Mo, 2 ) M12>1
(91a)
(¢oo - ¢*)2 ¢oo - ¢*
A =14+——", A = ,
VEV + e 1 e
1
Ay = —, 91b
2 2M2 ( )

where p, is the background matter density of the solar
system.

Using these coefficients and the relations in (89), (16),
and (43), we obtain the PPN parameters and effective
gravitational constant,

2(¢oo - ¢*)2

y—1=- o (92a)
o 1 ¢oo - 45* 2
ﬁ—1_§<W> , (92b)
Geff _ (¢oo - 45*)2
G T e (92¢)

The useful relations between them are also derived directly,

y—1=—40(8 1),

Gefr 1= - 1
G 2
Avgy — 1 :@2(ﬁ—1)‘ (93)

Note that these relations are exactly same with the ones in
symmetron model. Therefore, among the solar system tests,
the perihelion shift of the Mercury constraint |f,, — 1] <
7.8 x 107> follows the most stringent constraint on the
model parameter, which is

MVo_ oot <2.6x 1078 (94)
MPlpoo

The bounds of the other parameters in the dilaton models
are

ly —1] £ 6.6 x 10710,

G ff
—5—11<33x%x 10719,
|AVEV - 1| ,s 3.5x%x 10_16. (95)

Using the relations in Egs. (91a) and (54), we obtain the
density of dilaton dark energy,
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pa, = Voe_¢m/MPl
= Ve P/Mn =251 x 1047 GeV*,  (96)
where p,, = p,,, on cosmological scales. This is consistent

with the relation found in [36]. Taking into account this
relation, the solar system constraint (94) turns into

M,
TP <96 %1078, (97)
Mppo
that is,
M
— <12 x 1078 for pyy = iy, (98a)
Mp,
M
. <1.2x107 for pe = pyars (98b)

Pl

where po, = p,,, and p, = py, correspond to the cosmo-
logical background and galactic background, respectively.

VI. CONCLUSIONS

Screened modified gravity (SMG) is a kind of scalar-
tensor theory with screening mechanisms, which can
generate a screening effect to suppress the fifth force
and pass the solar system tests. In this paper, we calculated
the PPN parameters y and f for SMG with a general
potential V and coupling function A in the case of a static
spherically symmetric source. In addition, we discussed the
effective cosmological constant in the generic SMG. These
two analyses allow us to constrain the model parameters by
combining the observations on solar system and cosmo-
logical scales.

The PPN parameters were typically calculated under the
assumption of a point source surrounded by a vacuum
[43,44], but this assumption is generally not appropriate to
solve the massive scalar field. In order to overcome this
defect and calculate the PPN parameters for the generic
SMG, in which the scalar field is always massive, we solved
the scalar field in the Einstein frame in the case of an
extended source surrounded by a homogeneous back-
ground, which is the more realistic case for the source as
the Sun or the Earth. Then, we solved the massless metric
field in the Einstein frame. By transforming the results to the
Jordan frame through a conformal rescaling of the metric,
we obtained the PPN parameters y and f and the effective
gravitational constant G for the general SMG models.

We found that the parameters (y, 3, G.¢) depend not only
on the distance between the source object and the test mass
but also on the screened parameter e, which is determined
by the physical properties of the source object. Moreover,
SMG contains a scalar degree of freedom, whose effective
potential has a minimum (physical vacuum), and the bare
potential has a VEV at this minimum. The bare potential
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VEV can naturally play the role of dark energy to accelerate
the expansion of the Universe at late times. So, as
anticipated, the SMG could not only pass the strict solar
tests but also account for the accelerated expansion of the
Universe.

We applied our results to three specific cases of SMG
theories (chameleon, symmetron, and dilaton models), and
calculated their PPN parameters and effective cosmological
constant. By investigating the current experiments on solar
system and cosmological scales, we derived the combined
parameter constraints on these three models. Consistent
with all the previous works, we found the following results
for these SMG models: The original chameleon cannot
explain cosmic acceleration and pass solar system con-
straints at the same time, but this difficulty is overcome
in the exponential chameleon. The original symmetron
(Vo = 0) has a negative cosmological constant and cannot

PHYSICAL REVIEW D 93, 124003 (2016)

drive cosmic acceleration. However, the modified symme-
tron with V, = u*/4) can realize it. The dilaton is a fine
model for both passing solar system tests and accelerating
the expansion of the Universe in the late stage. For each of
these healthy models (the exponential chameleon, the
modified symmetron, and the dilaton), we obtained the
constraints on the model parameters, respectively.
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