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Post-Newtonian parameters y and 8 of scalar-tensor gravity with a general potential
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We calculate the parametrized post-Newtonian parameters y and S for scalar-tensor gravity with a

generic coupling function w and scalar potential V in the Jordan conformal frame in the case of a static
spherically symmetric source. Since the potential generally introduces a radial dependence to the effective
gravitational constant as well as to vy and 3, we discuss the issue of defining these parametrized post-
Newtonian parameters and compare our expressions with previous calculations in simpler cases. We
confront our results with current observational constraints on the values of y and B and thus draw
restrictions on the form of the functions w and V around their asymptotic background values.
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I. INTRODUCTION

The discovery of the accelerated expansion of the
universe and the phenomenon of dark energy has brought
about a new surge of interest in alternatives to Einstein’s
general relativity in the recent years [1]. One of the most
simple and paradigmatic of these is the Jordan-Brans-
Dicke theory where the gravitational interaction is medi-
ated by an extra scalar degree of freedom W in addition to
the usual tensor ones [2]. A more generic scalar-tensor
gravity (STG) action is characterized by two arbitrary
functions, the coupling function (W) in the kinetic term
of the scalar field and the potential V(W) [3-7]. In cosmol-
ogy the STG models of dark energy allow evolving effec-
tive barotropic index w and dynamical crossing of the
“phantom divide” [8] which remains a curious possibility
in the combined observational data [9] and could be a sign
pointing beyond the standard ACDM scenario based on
general relativity.

However interesting its performance in cosmology, a via-
ble gravitational theory must also pass the tests on local
scales, e.g., give a good account of the motions in our solar
system. A natural framework for such a check is provided by
the parametrized post-Newtonian (PPN) formalism [10,11].
Recent years have produced new fascinating and precise
measurements of the PPN parameters [12-16]. The classic
result for the parameters y and 8 in STG with arbitrary w(W)
but without a potential was obtained by Nordtvedt [4]. More
recently Olmo [17] and Perivolaropoulos [18] calculated the
parameter 7y in the case of the Jordan-Brans-Dicke theory
(constant @) with a nonvanishing potential V(W). The full
equations up to the second post-Newtonian approximation for
generic w (V) and V(W) have been worked out in Ref. [19],
while Ref. [20] tackles light propagation up to the same PPN
order for STG with a vanishing potential. The PPN parameter
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v has also been found for scalar-tensor type theories where
the scalar field has a nonstandard kinetic term or possesses
scalar-matter coupling [21,22]. The STG PPN issues are
further discussed in the context of screening mechanisms
that mitigate the effects of the scalar field [23], and dynamical
equivalence with f(R) gravity [24].

This article fills the gap in the literature and presents the
PPN parameters y and $ in the case of generic scalar-
tensor theories with arbitrary functions w(¥) and V().
We display the action and field equations of these theories
in Sec. II and derive their post-Newtonian approximation
in Sec. III. From this approximation we obtain a set of
post-Newtonian equations which we solve in Sec. IV.
Finally in Sec. V we compare our results with measure-
ments in the solar system and obtain constraints on the so
far arbitrary functions (W) and V(). We end with a
conclusion in Sec. VL.

II. ACTION FUNCTIONAL AND
FIELD EQUATIONS

We study scalar-tensor theories of gravitation in which
gravity is described by a dynamical scalar field ¥ in
addition to the metric tensor g,,. We focus on theories
which are defined by the action

1 4 — _w(\I’) A2 )
— /Vzldx«/_g(\IfR O 8, VW =2V ()

+ Sl 8w Xm] (1)

in Brans-Dicke-like parametrization in the Jordan confor-
mal frame [5-7]. We have chosen units such that ¢ = 1,
A =1 and «? is related to the dimensionful Newtonian
gravitational constant Gy via

k> = 87Gy. (2)

The matter part of this action is given by S,[g ., Xl
where y,, collectively denotes all matter fields. The gravi-
tational part of the action contains two free functions of
the scalar field W: the coupling function w(W) and the
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potential V(W). A distinct scalar-tensor theory is defined
by a particular choice of these functions. In the following
we will restrict ourselves to the case 2w + 3 > 0 in order
to avoid ghosts in the Einstein conformal frame [5,6], as
well as V(¥) =0 and ¥ > 0, but otherwise leave the
functions w and V arbitrary.

The variation of the action (1) with respect to the metric
and the scalar field yields the gravitational field equations

1 w+1
R,lu/ = E[K2<T”’V - mgﬂy’l—) + VMGV\P
w gur dw
+ 25, Wo,w—Sur_ ¢ \IIP‘I']
‘I’a“ 9 4w+6d‘I’ap g
K2 2w +1 K2 dv

b Vg,
Vo, 137 TR, T3

3)

d av
[KzT _89y porp + 2K2(qr— - 2v)],

T 2w+3 dv°r dv

“4)

where V, denotes the covariant derivative, (1 = g#"V ,V,
is the d’Alembert operator and 7,, is the energy-
momentum tensor obtained from the matter action S,,. In
the following section we will expand these field equations in
a post-Newtonian approximation.

III. POST-NEWTONIAN APPROXIMATION

We now expand the field equations (3) and (4) of scalar-
tensor gravity as displayed in the preceding section up to
the first post-Newtonian order. For this purpose we make
use of the PPN formalism [10,11] and assume that the
gravitating source matter is constituted by a perfect fluid
which obeys the post-Newtonian hydrodynamics. In this
section we start from this assumption and assign appropri-
ate orders of magnitude to all terms appearing in the
field equations. The resulting equations can then be solved
subsequently for each order of magnitude in the next
section.

The starting point of our calculation is the energy-
momentum tensor of a perfect fluid with rest energy
density p, specific internal energy II, pressure p and
four-velocity u*, which takes the form

T+ = (p + pll + p)utu” + pgh”. (5)

The four-velocity u* is normalized by the metric g,,,
so that u*u”g,, = —1. A basic ingredient of the PPN
formalism is the perturbative expansion of all dynamical
quantities in orders O(n) « |5|" of the velocity v’ = u’/u®
of the source matter in a given frame of reference. For the
metric g, this is an expansion around a flat Minkowski
background,

g,uv = T),lLV + h,uv
= Ny + hith + K3 + WG, + R+ O(5), (6)
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where each term A7), is of order O(n). In order to describe
the motion of test bodies in the lowest post-Newtonian
approximation an expansion up to the fourth velocity order
O(4) is sufficient. A detailed analysis shows that not all
components of the metric need to be expanded to the fourth
velocity order, while others vanish due to Newtonian en-
ergy conservation or time reversal symmetry. The only
relevant, nonvanishing components of the metric perturba-
tions are given by

(2) () (3) 4
ho. hij ) h()j ) hyp- (7

In order to determine these components for a given matter
source we must assign velocity orders also to the rest mass
density, specific internal energy and pressure of the perfect
fluid. Based on their orders of magnitude in the solar
system one assigns velocity orders O(2) to p and II and
O(4) to p. The energy-momentum tensor (5) can then be
expanded in the form

Too = p(1 + I + 02 — hig) + O(6), (8a)
To; = —pv; + 00), (8b)
T;j = pvjv; + pd;; + O(6). (8c)

We further assume that the gravitational field is quasistatic,
so that changes are only induced by the motion of the
source matter. Time derivatives d, of the metric compo-
nents and other fields are therefore weighted with an addi-
tional velocity order O(1).

In order to apply the PPN formalism to the scalar-tensor
gravity theory detailed in Sec. II we further need to expand
the scalar field ¥ in a post-Newtonian approximation. For
this purpose we expand W around its cosmological back-
ground value W,

V=Vy+ ¢ =Vy+ y®@+ ¢yD 1+ 06), ()

where we assume W, to be of order @(0) and the pertur-
bations ¢ are of order O(n). We also need to expand the
functions w(V) and V(W) around V. A Taylor expansion
to the required order takes the form

w=wy+ o+ OWY?),
V=V,+ Vi + Vap? + Vi + O(44),

(10a)
(10b)
with constant expansion coefficients which we assume to

be of velocity order @(0). With these definitions the field
equations (3) and (4) in the lowest velocity order O(0) read

K2 2w + 1
= Vo +V , 11
2(()0 + 3< \I’() 0 1)77,1“/ ( )
2k2
= (¥ —2Vy). 12
0 2w0+3( oV1 Vo) (12)

In order for these to be satisfied we must set Vi, = V; = 0,
which is a consequence of our expansion (6) of the metric
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around a flat background. The scalar field equation up to
the fourth velocity order then reduces to

4k2W,V.
v2 — 7% 2) @ 4 4@
K 2k%w,
- 3p—p—pll)+ 9140 4 4@
2(1)0 + 3( p p p ) (20’0 + 3)2p¢’ (VZI,OO
2K2\P0 4(1)1‘/2
+ 3 @))2 @,
2w0+3( Vi~ 20+3>(¢ - 20, +3¢ Vi
0+ (02 + 548, ~ 542 )0 + 06)
(13)

We further expand the right-hand side of the gravitational
tensor field equation (3) up to the necessary velocity order
and obtain

2

K
Ry=—r— +2)p — 2V @ 4 @
0 = 2wy + 3) [(wo )p oVal(y y')
— (wp + DH2p + ((Zwo + 302 + (wg + T
+ (Bwy + 3) %)p + 2W,Vyh) @
4V, w
+ [(72(1)00_’_ 13 - 2(()0 - 1>V2 - 3\P0V’;i|(¢/(2))2
w1 @@ _ (@2 @ ) (2)]
+ — ) — +
R0~ (B s )
+ —(¢‘2> + hg%;,a,//(”) + 0(6), (14a)
= —(l// 0 — Kup) + O5), (14b)
@
(wp + Dp +2W V4@ b
_l’_
Rl] l1}0[ 2&)0 +3 i ] @(4)
(14c)

In order to solve these equations we finally need to fix a
gauge for the metric tensor. A useful choice for the class of
scalar-tensor theories we consider is given by [25]

) 1

h{ ;- thM,i = W, i (15a)
P P

hy ; Ehj 0 ?Ol//o (15b)

In this gauge we can express the Ricci tensor up to the
necessary velocity order as
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Rao = =5 VG — 520G+ b+
-3 1 n@ -1 > hﬁghg;]k + 0(6), (16a)

Ro; = —%v%ffj? lhgfgw +— ¢<2> +0(5),  (16b)

R; = —%v%ﬁ? + ¢ + 0. (16¢)

This completes our derivation of the post-Newtonian field
equations. We can now use Eq. (13) to solve for the scalar
field perturbation ¢ and Egs. (14) and (16) to solve for the
metric perturbations /,,, up to the necessary velocity
orders. This will be done in the following section.

IV. STATIC SPHERICALLY
SYMMETRIC SOLUTION

In the previous section we have derived the field
equations of scalar-tensor gravity in a post-Newtonian
approximation. It is now our aim to construct a simple
solution to these equations, which corresponds to the static,
spherically symmetric gravitational field of a single, point-
like mass. Our derivation consists of three steps. First,
we solve the field equations for the metric perturbation

h&) in the Newtonian approximation in Sec. IVA. Using

this result we can then solve for hg) in Sec. IVB and for
A in Sec. IV C.

A. Newtonian approximation

In the remainder of this article we restrict ourselves to
the gravitational field generated by a pointlike mass M,
which is described by the energy-momentum tensor (8)
with

p = M5(X), II=0, p=0, v;=0. (17

This simple matter source induces a static and spherically
symmetric metric, which can most easily be expressed
using isotropic spherical coordinates. In the rest frame of
the gravitating mass we use the ansatz

g = ~1 + 26a(NU() — 262 (NBIV()

+ O (r) + 0(6), (18a)
goj = 005), (18b)
gij = [1 + 2G(r)y(nNU(r)]8;; + O4), (18¢)

where r denotes the radial coordinate and the Newtonian
potential U(r) is given by

(19)
In the potential ®* we collect terms of order @(4) which

are not of the form G2 BU?, such as the gravitational self-
energy. The three unknown functions we need to determine
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are the effective gravitational constant G.(r) and the PPN
parameters y(r) and B(r). The latter two can be defined
either as the coefficients of the effective gravitational
potential U = GU as shown in the metric (18) or as
the coefficients 7y = Gegy and B = G2;B of the
Newtonian potential terms U and U?. The first definition
invokes the interpretation that the measured values of y
and B can be related to the effective gravitational potential
Uy, while the second definition suggests to relate the
measured values of y ¢ and B¢ to the Newtonian potential
U of a fixed mass M. We choose the first definition in this
article since the mass of the Sun, which dominates the solar
system physics, is determined from its gravitational effects
on the planetary motions.

For our calculation of the Newtonian limit we start by
solving Eq. (13) up to the second velocity order,

2

(V2= my)y® = =53 (20)

for the scalar field perturbation 4. The constant

q%vﬁ
=2 1,7 21
ml,b K 20)0+3 ( )

can be interpreted as the mass of the scalar field [26].
Equation (20) is a screened Poisson equation, which is
solved by

y(r) = U(r)e ™" (22)

2(1)0 + 3
The solution for ¢ (r) thus takes the form of a Yukawa
potential.

In the next step we consider Eqgs. (14a) and (16a) up to
the second velocity order. From these we derive

2

+2
V2hQ) = ( @ 202 ) 23
% A (23)
We can write the solution in the form

hi (r) = 2Ge(NU(r), (24)

where the effective gravitational constant is given by

1 e My

G =—(14+——) 25
et (7) ‘Ifo( Ywg T 3) (25)

In order to interpret this result for G as an effective
gravitational constant we need to choose an experiment
in which the gravitational interaction takes place at a
constant scale r = ry. We can then choose units in which
Geg(rg) = 1. This corresponds to a rescaling of the cos-
mological background value W, of the scalar field to

e Mo

Vy=1+— . (26)

However, we cannot make this choice globally, and hence
cannot remove the factor G (7) from the metric (18) by a
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choice of units in which G = 1, as it is conventionally
done in the basic PPN formalism [10]. This is the reason
for the ambiguity in the definition of the PPN parameters y
and B8 we discussed above.

B. PPN parameter y(r)

We now turn our focus to the spatial components hgjz_) of
the metric perturbation. From Egs. (14c) and (16¢) we
obtain

m
V252 — __¢( @4 @*l1 )5 27

ij v, v P )i (27)
From this equation we can immediately read off that the
solution for h?) is diagonal. We find that

@y — 2 (1_ e_m””r) )
() = %<1 e UGN

Comparison with Eq. (18c) then yields the PPN parameter
v(r) and we obtain

y(r) =

2w+ 3 — e M’
2wy + 3+ e M

(29)

This result agrees with a previously obtained result for a
purely quadratic scalar potential V(W) and constant cou-
pling function (W) [17,18]. In the limit V, — 0 and fixed
finite w(, which implies m, — 0, the PPN parameter y
approaches the known value

_(1)0"‘1
a)0+2

(30)

for scalar-tensor gravity with a massless scalar field [4].
Analogously in the limit 1/(2w, + 3) — 0 and fixed finite
V, we have my, — 0 but find the limiting value y = 1. The
same value y =1 is also approached in the opposite
limiting case of a massive scalar field with m, r > 1.

C. PPN parameter 8(r)

We finally calculate the PPN parameter beta as given in
Eq. (18a). For this purpose we need the fourth order
perturbation ) of the scalar field W. This can be obtained
from the fourth order part of Eq. (13), which reads

(V2= m3) g

2 2

K ml//a)
= 3p—pl)+————t——pyy®@
w130 P S G v P

3V 2w w

() 2(2V3 1 2))2 _ 1 2
+ +

V.00 w(zv 2w, +3>(¢ ) 2w 0+3¢ L

(2),,.(2) (2) (2) (2 (2)
+h7 Y (h,”+2hool Eh”,>z//’i. (31)

As for the second order perturbation #® we obtain a
screened Poisson equation, but with a different source

084054-4



POST-NEWTONIAN PARAMETERS y AND B OF ...

term. The terms involving the pressure p and specific
internal energy Il drop out because of our choice (17) of
a point mass as the source of the gravitational field. We
further neglect the term p®, which corresponds to a
gravitational self-energy. Finally, the term 1,[/,%()) drops out
since we consider only static solutions. The solution to the
remaining equation is then given by

2 1 w
@y 2 (1 _ o
V) = R T3P (\Ifo 2wy +3

)UZ(r)efzm(,,r

m,
2 myr
7‘1’0(2w0+3)U (r)rle™+ Ei(—2m,r)

3m

- U

J— m,/,rl +

e n(myr)] —(20)() 3

N
V2 \PU 2(()0 + 3

— e ""Ei(—myr)].

)Uz(r)r[emWEi(—3m¢, r)
(32)

Here Ei denotes the exponential integral, which is defined

by
oo p—1
—[ ¢ _ar
X t

Using the result (32) we can now determine gg, to the
fourth velocity order. From Eqgs. (14a) and (16a) we obtain
|

Ei(—x) = (33)

—2myr

B wie ml//r
B =1+ -
Ggff(r)‘lfo(Zwo + 3)3 Ggff(r)(z(l)o + 3)
n 1 (20)0 -2 3V3 . w1
2‘1’0(2w0 + 3) \PO V2 2(1)0 +3

3
+ 2Ei(—myr)myr + e ™" In(myr)] +

X [—e 2" + e™ Ei(=3myr) — 2Ei(=2myr)m,r — e_m¢’Ei(—m¢r)]:|.

It follows from the asymptotic behavior of the exponential
integral in the case x > 1,
e " 20 3

X X X~

Ei(—x) =

that all terms involving w; or V3 fall off proportional to
e~ ™’ and are thus subleading to the terms involving only
wq and V, which fall off proportional to e~ "+". We there-
fore conclude that at large distances m,r > 1 from the
source both w; and V3 may be neglected. Again we con-
sider the three limiting cases which we already discussed
for . In the limit V, — 0 and fixed finite w, we obtain the
known result
w1 ¥y

B e ¥ 3) 2wy + 37

for a massless scalar field [4]. The second case 1/
(2w +3)—0 and fixed finite V, yields the limit 8 = 1.

(38)
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2k2 wy + 2
V) = —h@ Q)+ hOh2, - _( 24 @0
00 00,i"%00,i 00.ij N, L4 2wy + 3
+3w0+3p> N my, [<w0+2
2(()0 + 3 P Z\IIgVZ \IIO
wq 2
209 + 3)p¢1(2) oot 2)phf)0)]
. w ¢I(2)l//(2) [(2(1)0 + 1
‘1’0(2(00 + 3) \IJO 2\1’0
2w, 3V? @))2 2 .1(2)
_ 4 (4)]‘
2wy + 3 "oy )Wf F ot v

(34)

Again terms involving p and IT drop out for the pointlike
matter source we consider, while terms involving the ve-
locity v drop out since we perform the calculation in the
rest frame of the matter source. We further neglect the

terms h(()0 and p?, which correspond to gravitational
self-energies and thus contribute only to the potential ®®
displayed in Eq. (18a). The remaining equation can then be
integrated and we obtain

o (r) = =262 (BT, (35)

where B(r) is given by

2
I:@ [e™™" + Ei(—myr)myr]
0

1
)[ “2mer + 2Bi(=2my r)myr] + @[Ze_m'” — e Ei(—2my,r)
0

)
2‘1’0(2&)0 + 3) V2 \PO 2(1)0 + 3

(36)

We also find the limiting value 8 = 1 in the case mr > 1
of a massive scalar field.

This result completes our solution to the post-Newtonian
field equations derived in Sec. III. We have calculated the
metric up to the first post-Newtonian order as displayed in
Eq. (18). From our calculation we obtained expressions for
the effective gravitational constant (25) and the PPN pa-
rameters y (29) and B (36). In the next section we will
show how these results can be compared to measurements
of the PPN parameters, and which restrictions arise on the
scalar-tensor theories we consider.

V. COMPARISON WITH EXPERIMENTS

In the preceding section we have derived expressions for
the PPN parameters y(r) and B(r) as functions of the
expansion coefficients wg, @, V, and Vj. In this section
we discuss restrictions on these coefficients which arise
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from measurements of y and S in the solar system. We
thereby neglect the terms involving w; and V3, since their
contribution to the PPN parameters at large distances is
subleading to that of w, and V,, as we argued in the
previous section.

The PPN parameters have been measured by various
high precision experiments in the solar system [10,11]. In
this article we restrict ourselves to those measurements
which provide the strictest bounds on the parameters 7y
and B and have a characteristic interaction distance r.
In particular, we will use the bounds obtained from the
following experiments:

(1) The deflection of pulsar signals by the Sun has been
measured using very long baseline interferometry
(VLBI) [12]. From this y has been determined to
satisfy y — 1 = (—2 = 3) X 10™*. Since the radar
signals were passing by the Sun at an elongation
angle of 3°, the gravitational interaction distance is
ro = 5.23 X 1072 AU.

(i1) The most precise value for y has been obtained from
the time delay of radar signals sent between Earth
and the Cassini spacecraft on its way to Saturn [13].
The experiment yielded the value v — 1 = (2.1 =
2.3) X 1072, The radio signals were passing
by the Sun at a distance of 1.6 solar radii or
ro = 7.44 X 1073 AU.

(iii)) The most well-known test of the parameter 3 is the
perihelion precession of Mercury [11]. Its precision
is limited by measurements of other contributions
to the perihelion precession, most importantly the
solar quadrupole moment J,. The current bound is
2y — B —1] <3 X 1073. As the gravitational
interaction distance we take the semi-major axis
of Mercury, which is rq = 0.387 AU.

(iv) The tightest bounds on B are obtained from lunar
laser ranging experiments searching for the
Nordtvedt effect, which would cause a different
acceleration of the Earth and the Moon in the solar
gravitational field [14]. For fully conservative theo-
ries with no preferred frame effects the current
bound is 48 —y — 3 = (0.6 = 5.2) X 1074, Since
the effect is measured using the solar gravitational
field, the interaction distance is ro = 1 AU.

There are more recent experiments which we will not use
here since they cannot be characterized by a single value r
for the interaction distance. These include in particular
combined VLBI measurements of y at elongation angles
between 5°and 30° [15] and measurements of y and 3
using ephemeris for a large number of celestial bodies in
the solar system [16]. One may argue that also the mea-
surements of y listed above cannot be characterized by a
single interaction distance, since the distance between the
Sun and the radio signals varies along their path. A rig-
orous treatment would therefore require a calculation of
null geodesics in the solar system [22]. We will not enter
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FIG. 1. Complete excluded region in parameter space.

this calculation here and instead assume that the dominant
gravitational interaction occurs at the shortest distance to
the Sun.

The constraints on the values of the expansion coeffi-
cients w, and V, obtained from the experiments listed
above can be visualized by plotting the experimentally
excluded regions in parameter space, where we use coor-

dinates m = 2k+/W¥,V,, measured in inverse astronomical
units may = 1 AU™!, and w,. Vertical lines mark regions
which are excluded by VLBI measurements, while hori-
zontal lines mark regions which are excluded by Cassini
tracking. Similarly, regions with lines from bottom left to
top right are excluded by the perihelion precession or
Mercury, while regions with lines from top left to bottom
right are excluded by lunar laser ranging.

Figure 1 shows the complete region of the parameter
space which is excluded by the experiments listed above.
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2000
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N
|
1000F
N \\
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500 N
\
\ )|
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FIG. 2. Region excluded by VLBI measurements.
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The largest area is contributed by the Cassini tracking
experiment, from which the tightest bounds on y have
been obtained. As one can see from Fig. 2 the region
excluded by VLBI measurements is significantly
smaller. This can also be seen for negative values of w
from Fig. 3.

The parameter region excluded by measurements of 3 is
shown in Fig. 4. One can see that it is located entirely in
the region already excluded by measurements of . This
also holds for negative values of w, as shown in Fig. 5.
This result is due to the fact that the bounds on B are
significantly weaker than the bounds on 7y. In order to
obtain stricter constraints on the parameter space from S,
experiments at higher precision are required. Alternatively
measurements of y or B at smaller interaction distance r
could exclude regions of the parameter space for larger
values of m.

VI. CONCLUSION

In this article we discussed the post-Newtonian ap-
proximation of scalar-tensor theories of gravity with
arbitrary coupling function (W) and arbitrary potential
V(W). In the post-Newtonian limit these functions can be
characterized by four coefficients wg, w;, V,, V3 of the
Taylor expansion. We then defined the PPN parameters
v and B and calculated their values for a static point
mass as functions of these four constants. It turned out
that the PPN parameters are not constant, but depend on
the distance between the gravitating source and the test
mass. In the appropriate limits our expressions reduce to
earlier results obtained for simpler cases [4,17,18]. We
further found that for a massive scalar field the contri-
bution of w; and Vj to the values of the PPN parameters
can be neglected at large distances from the source,
myr>> 1.

We finally compared our results to measurements of y
and B in the solar system and obtained bounds on the
constants w, and V,. It turned out that the strictest
bounds are obtained from measurements of y by
Cassini tracking, so that the current measurements of
B place no further restrictions on w, and V,. In order to
obtain new bounds it would be necessary to measure the
parameters y and B at higher precision or at shorter
interaction distances between the gravitational source
and the test mass. The latter would allow probing and
possibly excluding larger values of V,, corresponding to
a higher mass of the scalar field.

The work presented in this article allows for various
further studies. While we have restricted ourselves to a
calculation of the PPN parameters y and B for a static
point mass, one may ask which further contributions to
the post-Newtonian metric arise from moving sources or
sources with nonvanishing pressure, internal energy or
gravitational self-energy. A calculation of these contribu-
tions would provide insight into further PPN parameters,
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which are related to preferred-frame and preferred-
location effects. Comparison of these parameters with
their values measured in the solar system may place
further bounds on viable theories of scalar-tensor gravity.
Another line of investigation would be the case of strong
fields provided by, e.g., binary pulsars. We further aim to
extend our work to theories with more than one scalar
degree of freedom, and thus chart the landscape of
multiscalar-tensor gravity.

PHYSICAL REVIEW D 88, 084054 (2013)

ACKNOWLEDGMENTS
This work was supported by the Estonian Research
Council  Institutional Research  Funding  Grant

No. IUT02-27, by the Estonian Science Foundation Grant
No. 8837 and by the European Union through the European
Regional Development Fund (Centre of Excellence
TK114). M. H. gratefully acknowledges full financial sup-
port from the Estonian Research Council through the
Postdoctoral Research Grant ERMOS115.

[1] S. Tsujikawa, Lect. Notes Phys. 800, 99 (2010); T. Clifton,
P. G. Ferreira, A. Padilla, and C. Skordis, Phys. Rep. 513,
1 (2012).

[2] Y. Thiry, C.R. Acad. Sci. 226, 216 (1948); P. Jordan, Z.
Phys. 157, 112 (1959); C. Brans and R. H. Dicke, Phys.
Rev. 124, 925 (1961).

[3] P.G. Bergmann, Int. J. Theor. Phys. 1, 25 (1968); R.
Wagoner, Phys. Rev. D 1, 3209 (1970).

[4] K. Nordtvedt, Astrophys. J. 161, 1059 (1970).

[5]1 Y. Fujii and K. Maeda, The Scalar-Tensor Theory of
Gravitation (Cambridge University Press, Cambridge,
2003); V. Faraoni, Cosmology in Scalar-Tensor Gravity
(Kluwer Academic Publishers, Dordrecht, 2004).

[6] G. Esposito-Farese and D. Polarski, Phys. Rev. D 63,
063504 (2001).

[7]1 E.E. Flanagan, Classical Quantum Gravity 21, 3817 (2004).

[8] L. Perivolaropoulos, J. Cosmol. Astropart. Phys. 10 (2005)
001; R. Gannouji, D. Polarski, A. Ranquet, and A.A.
Starobinsky, J. Cosmol. Astropart. Phys. 09 (2006) 016;
S. Nesseris and L. Perivolaropoulos, J. Cosmol. Astropart.
Phys. 01 (2007) 018; S. Capozziello, S. Nesseris, and L.
Perivolaropoulos, J. Cosmol. Astropart. Phys. 12 (2007)
009; B. Boisseau, Phys. Rev. D 83, 043521 (2011); L. Jarv,
P. Kuusk, and M. Saal, Proc. Est. Acad. Sci. Phys. Math.
59, 306 (2010); Phys. Rev. D 81, 104007 (2010); Phys.
Lett. B 694, 1 (2010).

[9] A. Shafieloo, V. Sahni, and A. A. Starobinsky, Phys. Rev.
D 80, 101301 (2009); R. Lazkoz, V. Salzano, and I.
Sendra, Phys. Lett. B 694, 198 (2010); A.C.C.
Guimaraes and J. A. S. Lima, Classical Quantum Gravity
28, 125026 (2011); R. G. Cai, Q. Su, and H. B. Zhang, J.
Cosmol. Astropart. Phys. 04 (2010) 012; H. Li and X.
Zhang, Phys. Lett. B 703, 119 (2011); G.-B. Zhao, R.G.
Crittenden, L. Pogosian, and X. Zhang, Phys. Rev. Lett.
109, 171301 (2012); R. Nair and S. Jhingan, J. Cosmol.
Astropart. Phys. 02 (2013) 049; N. Said, C. Baccigalupi,
M. Martinelli, A. Melchiorri, and A. Silvestri, Phys. Rev.
D 88, 043515 (2013); J.-Q. Xia, H. Li, and X. Zhang,
Phys. Rev. D 88, 063501 (2013).

[10] C.M. Will, Theory and Experiment in Gravitational
Physics (Cambridge University Press, Cambridge, UK,
1993).

[11] C.M. Will, Living Rev. Relativity 9, 3 (2006), http://
www.livingreviews.org/lrr-2006-3/.

[12] E. Fomalont, S. Kopeikin, G. Lanyi, and J. Benson,
Astrophys. J. 699, 1395 (2009).

[13] B. Bertotti, L. Iess, and P. Tortora, Nature (London) 425,
374 (2003).

[14] F. Hofmann, J. Miiller, and L. Biskupek, Astron.
Astrophys. 522, L5 (2010).

[15] S.B. Lambert and C. Le
Astrophys. 529, A70 (2011).

[16] A. Fienga, J. Laskar, P. Kuchynka, H. Manche, G.
Desvignes, M. Gastineau, I. Cognard, and G. Theureau,
Celest. Mech. Dyn. Astron. 111, 363 (2011); E. V. Pitjeva
and N.P. Pitjev, Mon. Not. R. Astron. Soc. 432, 3431
(2013).

[17] G.J. Olmo, Phys. Rev. Lett. 95, 261102 (2005); Phys. Rev.
D 72, 083505 (2005).

[18] L. Perivolaropoulos, Phys. Rev. D 81, 047501 (2010).

[19] Y. Xie, W.-T. Ni, P. Dong, and T.-Y. Huang, Adv. Space
Res. 43, 171 (2009).

[20] O. Minazzoli and B. Chauvineau, Classical Quantum
Gravity 28, 085010 (2011); X.-M. Deng and Y. Xie,
Phys. Rev. D 86, 044007 (2012).

[21] J.W. Moffat and V.T. Toth, Int. J. Mod. Phys. D 21,
1250084 (2012); K. Saaidi, A. Mohammadi, and H.
Sheikhahmadi, Phys. Rev. D 83, 104019 (2011); O.
Minazzoli, arXiv:1208.2372.

[22] N.C. Devi, S. Panda, and A.A. Sen, Phys. Rev. D 84,
063521 (2011).

[23] M. Roshan and F. Shojai, Classical Quantum Gravity 28,
145012 (2011); O. Minazzoli and A. Hees, Phys. Rev. D
88, 041504 (2013).

[24] S. Capozziello and A. Troisi, Phys. Rev. D 72, 044022
(2005); S. Capozziello, A. Stabile, and A. Troisi, Mod.
Phys. Lett. A 21, 2291 (2006); Phys. Rev. D 76, 104019
(2007); Phys. Lett. B 686, 79 (2010); T. Clifton, Phys.
Rev. D 77, 024041 (2008); M. Capone and M.L.
Ruggiero, Classical Quantum Gravity 27, 125006
(2010); S. Capozziello and A. Stabile, in Classical and
Quantum Gravity: Theory, Analysis, and Applications,
edited by V.R. Frignanni (Nova Sci. Pub., Hauppauge,
New York, 2011), Chap. 2; T. S. Koivisto, Phys. Rev. D 84,
121502 (2011); T. Harko, T. S. Koivisto, F. S. N. Lobo, and
G.J. Olmo, Phys. Rev. D 85, 084016 (2012).

[25] Y. Nutku, Astrophys. J. 155, 999 (1969).

[26] V. Faraoni, Classical Quantum Gravity 26, 145014 (2009).

Poncin-Lafitte, Astron.

084054-8


http://dx.doi.org/10.1007/978-3-642-10598-2_3
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1007/BF01375155
http://dx.doi.org/10.1007/BF01375155
http://dx.doi.org/10.1103/PhysRev.124.925
http://dx.doi.org/10.1103/PhysRev.124.925
http://dx.doi.org/10.1007/BF00668828
http://dx.doi.org/10.1103/PhysRevD.1.3209
http://dx.doi.org/10.1086/150607
http://dx.doi.org/10.1103/PhysRevD.63.063504
http://dx.doi.org/10.1103/PhysRevD.63.063504
http://dx.doi.org/10.1088/0264-9381/21/15/N02
http://dx.doi.org/10.1088/1475-7516/2005/10/001
http://dx.doi.org/10.1088/1475-7516/2005/10/001
http://dx.doi.org/10.1088/1475-7516/2006/09/016
http://dx.doi.org/10.1088/1475-7516/2007/01/018
http://dx.doi.org/10.1088/1475-7516/2007/01/018
http://dx.doi.org/10.1088/1475-7516/2007/12/009
http://dx.doi.org/10.1088/1475-7516/2007/12/009
http://dx.doi.org/10.1103/PhysRevD.83.043521
http://dx.doi.org/10.3176/proc.2010.4.09
http://dx.doi.org/10.3176/proc.2010.4.09
http://dx.doi.org/10.1103/PhysRevD.81.104007
http://dx.doi.org/10.1016/j.physletb.2010.09.029
http://dx.doi.org/10.1016/j.physletb.2010.09.029
http://dx.doi.org/10.1103/PhysRevD.80.101301
http://dx.doi.org/10.1103/PhysRevD.80.101301
http://dx.doi.org/10.1016/j.physletb.2010.10.002
http://dx.doi.org/10.1088/0264-9381/28/12/125026
http://dx.doi.org/10.1088/0264-9381/28/12/125026
http://dx.doi.org/10.1088/1475-7516/2010/04/012
http://dx.doi.org/10.1088/1475-7516/2010/04/012
http://dx.doi.org/10.1016/j.physletb.2011.07.069
http://dx.doi.org/10.1103/PhysRevLett.109.171301
http://dx.doi.org/10.1103/PhysRevLett.109.171301
http://dx.doi.org/10.1088/1475-7516/2013/02/049
http://dx.doi.org/10.1088/1475-7516/2013/02/049
http://dx.doi.org/10.1103/PhysRevD.88.043515
http://dx.doi.org/10.1103/PhysRevD.88.043515
http://dx.doi.org/10.1103/PhysRevD.88.063501
http://dx.doi.org/10.12942/lrr-2006-3
http://www.livingreviews.org/lrr-2006-3/
http://www.livingreviews.org/lrr-2006-3/
http://dx.doi.org/10.1088/0004-637X/699/2/1395
http://dx.doi.org/10.1038/nature01997
http://dx.doi.org/10.1038/nature01997
http://dx.doi.org/10.1051/0004-6361/201015659
http://dx.doi.org/10.1051/0004-6361/201015659
http://dx.doi.org/10.1051/0004-6361/201016370
http://dx.doi.org/10.1051/0004-6361/201016370
http://dx.doi.org/10.1007/s10569-011-9377-8
http://dx.doi.org/10.1093/mnras/stt695
http://dx.doi.org/10.1093/mnras/stt695
http://dx.doi.org/10.1103/PhysRevLett.95.261102
http://dx.doi.org/10.1103/PhysRevD.72.083505
http://dx.doi.org/10.1103/PhysRevD.72.083505
http://dx.doi.org/10.1103/PhysRevD.81.047501
http://dx.doi.org/10.1016/j.asr.2007.09.022
http://dx.doi.org/10.1016/j.asr.2007.09.022
http://dx.doi.org/10.1088/0264-9381/28/8/085010
http://dx.doi.org/10.1088/0264-9381/28/8/085010
http://dx.doi.org/10.1103/PhysRevD.86.044007
http://dx.doi.org/10.1142/S0218271812500848
http://dx.doi.org/10.1142/S0218271812500848
http://dx.doi.org/10.1103/PhysRevD.83.104019
http://arXiv.org/abs/1208.2372
http://dx.doi.org/10.1103/PhysRevD.84.063521
http://dx.doi.org/10.1103/PhysRevD.84.063521
http://dx.doi.org/10.1088/0264-9381/28/14/145012
http://dx.doi.org/10.1088/0264-9381/28/14/145012
http://dx.doi.org/10.1103/PhysRevD.88.041504
http://dx.doi.org/10.1103/PhysRevD.88.041504
http://dx.doi.org/10.1103/PhysRevD.72.044022
http://dx.doi.org/10.1103/PhysRevD.72.044022
http://dx.doi.org/10.1142/S0217732306021633
http://dx.doi.org/10.1142/S0217732306021633
http://dx.doi.org/10.1103/PhysRevD.76.104019
http://dx.doi.org/10.1103/PhysRevD.76.104019
http://dx.doi.org/10.1016/j.physletb.2010.02.042
http://dx.doi.org/10.1103/PhysRevD.77.024041
http://dx.doi.org/10.1103/PhysRevD.77.024041
http://dx.doi.org/10.1088/0264-9381/27/12/125006
http://dx.doi.org/10.1088/0264-9381/27/12/125006
http://dx.doi.org/10.1103/PhysRevD.84.121502
http://dx.doi.org/10.1103/PhysRevD.84.121502
http://dx.doi.org/10.1103/PhysRevD.85.084016
http://dx.doi.org/10.1086/149928
http://dx.doi.org/10.1088/0264-9381/26/14/145014

