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Intrinsic Solar System decoupling of a scalar-tensor theory with a universal coupling between
the scalar field and the matter Lagrangian
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In this Communication, we present a class of Brans-Dicke-like theories with a universal coupling
between the scalar field and the matter Lagrangian. We show this class of theories naturally exhibits a
decoupling mechanism between the scalar field and matter. As a consequence, this coupling leads to
almost the same phenomenology as general relativity in the Solar System: the trajectories of massive
bodies and the light propagation differ from general relativity only at the second post-Newtonian order.
Deviations from general relativity are beyond present detection capabilities. However, this class of
theories predicts a deviation of the gravitational redshift at a level detectable by the future ACES and

STE/QUEST missions.
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I. INTRODUCTION

Theories with both scalar/curvature and scalar/matter
couplings generically appear in (gravitational) Kaluza-
Klein theories with compactified dimensions [1,2] and in
string theories at the low energy (tree level) limit [1,3];
but also in f(R) gravity [4-6], in Brans-Dicke theories
[7,8], in massive theories of gravity [9], or in the so-called
MOdified Gravity (MOG) [10]. From a more phenomeno-
logical point of view, it seems that some restrictions such
as gauge and diffeomorphism invariances single out such
types of theories as well [11]. Moreover, cosmological
observations of Dark Energy are quite often explained by
a scalar field [12] and the inflation paradigm also introdu-
ces such a field [13]. Finally, variations of the constants
of Nature (such as the fine structure constant [14] for
example) are usually modeled with a scalar field [1,15].

However, the introduced scalar field is subject to very
severe constraints coming from Solar System observations.
In particular, constraints on the equivalence principle [16],
on the inverse square law [17], on the post-Newtonian
Parameters [18], as well as various other observables
[19], seem to impose a very low scalar/matter coupling
or to require some sort of decoupling mechanisms for those
theories in order to be viable. Therefore, several mecha-
nisms have been proposed to screen the scalar field or to
naturally decouple it from matter. For instance, at the tree
level of string theories, while the dilaton seems to be
massless, it is often assumed that the dilaton would acquire
a (large enough) mass by some unknown mechanism
[20,21] in order to avoid a scalar component of gravita-
tional interaction of massive bodies. This mechanism may
originate from nonperturbative effects [22]. Indeed, the
fact that the scalar field acquires a mass is a way to freeze
its macroscopic dynamics [20,23]. Other self-interaction
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potentials may solve the problem as well but they often
lead to other difficulties [24,25]. However, in string
inspired scalar-tensor theories [1], it has been argued that
some dynamical mechanisms not requiring any self-
interaction of the scalar field (such as a potential) could
also decouple the scalar field from the material fields
through the evolution of the Universe [21,26]. The idea
takes its root from a similar decoupling arising in Brans-
Dicke like scalar-tensor theories where the scalar field
dynamically decouples from gravity through the evolution
of the Universe too [27,28].

Screening mechanisms are another way to reduce the
effects of the scalar field in some regions of space [29]. A
screening mechanism appears in chameleon theories [30]
where the scalar field becomes massive in high matter
density area like the Solar System while being massless
at cosmological scales. A similar effect appears in symme-
tron theories where a symmetry is spontaneously broken in
low matter density regions leading to very different behav-
ior in the Solar System and at cosmological scales [31].
Finally the Vainshtein mechanism [32] appearing in mas-
sive gravity [33] allows the scalar field to be hidden under a
certain length scale.

In this Communication, we present a class of scalar-
tensor theories of gravity with a universal coupling
between the scalar field and the matter Lagrangian that
naturally leads to a decoupling of the scalar field in regions
where the pressure of the gravitational sources is signifi-
cantly lower than their energy densities. A consequence of
the decoupling of the scalar field from matter is that the
trajectory of test masses are identically the same as in
general relativity (GR) at the 1.5 post-Newtonian (PN)
approximation. Moreover, using the geometric approxima-
tion, we show that the propagation of light follows null
geodesics. Therefore, this theory encompasses all current
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post-Newtonian tests of gravity. Nevertheless, this theory
predicts a deviation of the gravitational redshift from GR
at the level of 107 which can be detected by ACES [34]
and STE-QUEST [35].

II. ACTION AND POST-NEWTONIAN METRIC

In the theory presented, the scalar field is both coupled to
the curvature and to the standard matter Lagrangian. The
action considered here is a particular case of the more
general action presented in [36],

s = [ dﬁﬁ% x [R - “’S) (0, D)’
2a
+ \/—a-ﬁm(g,uw \I’):I, (1)

where g is the metric determinant, R is the Ricci scalar
constructed from the metric g,,, L, is the material
Lagrangian, « is a coupling constant and ¥ represents the
nongravitational fields. It should be noticed that the coupling
considered here is different from the coupling appearing in
standard Brans-Dicke scalar-tensor theory [27,37,38] or
from the compactification of Kaluza-Klein theories [2].
One defines the stress-energy tensor as follows:

TrY = 2 6(\/_g£m)
VT8 08w
Therefore, assuming that the Lagrangian £,, does not

depend on the derivatives of the metric, one gets the
following field equations:
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According to [39], in order to satisfy the conservation of
the matter fluid current (V. (pU?) = 0, where p is the rest
mass density and U“ the 4-velocity of the fluid), a perfect

fluid Lagrangian reduces to £,, = —¢, where € = ¢?p +
pf % dp is the total energy density of the fluid, and P is
the barotropic pressure of the fluid. Considering that the

trace of the perfect-fluid energy tensor is T = —e€ + 3P,
Eq. (4) can be written as
2w(P) + 3 w ¢(P) 3P
—— 0P + — ®)? = a-~=.
o o GO O

Therefore, there is a total decoupling of the scalar
field in pressureless regimes such as during the
matter-dominated era of the cosmological evolution.
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In addition, there is a partial decoupling in regimes such
that e > P, or equivalently p > P/c.

The Solar System is in the latter situation. For instance,
assuming a mean pressure inside the Earth of 100 GPa
[40], one gets (¢ ?Pgan/ Prarn) ~ 107°. In the standard
post-Newtonian gauge, the metric can be parametrized by a
potential w, a vector potential w' and the post-Newtonian
parameters vy and (3,

2
goo:_1+2%—23%+(o(1/c6) (6a)

g0 = —2(1+ y)% + 01/ (6b)
gij = 5,»]»(1 + 2)/%) + O(1/c*). (6¢)

Introducing this metric in the field Egs. (3) and (5) results
iny=p=1and

1 3Gy [PX)dY
= - +0(1/c*
WTWeR T2 2wy +3 ) |x—X| 1/,
1
= WGR + ? (SW + @(1/C4), (7a)
wi=wip + O(1/c?) (7b)

where wgr and wé}R are the expressions of the potentials
predicted by GR (their expressions can be found in [18]),

887G = ctar/ \/3 , ®y the background value of the
scalar field and wy = w(®P,).! From (7a) and (6), one
can see that the metric characterizing the considered theory
differs from the GR metric at the 1 PN level by a 1/c* term
in the temporal component of the metric. The solution of
the scalar field equation (5) can be written as

¢

¢ _ 2
o 26w + O(1/c?), (8)

where ¢ = c*(® — D).

III. MOTION OF MASSIVE PARTICLES

We have seen that the low-field metric deriving from
action (1) differs from GR at the 1 PN level. However,
massive particles are no longer inertial and do not follow
geodesics because of the coupling with the scalar field.
The invariance of action (1) under diffeomorphisms leads
to the following conservation equation:

d,P
D
The stress-energy tensor of noninteractive test particles is
T*P = c?pU*UP, where U® = dx®/dr-7 is the proper
time of the fluid’s elements. Then, noting that the material

Lagrangian reduces to L£,, = —c?p and the matter fluid
current is conserved V,(pU?) = 0 [39], one gets

V, T4 = (L8~ TH) ©)

'Note that (7a) and (7b) are also valid in the harmonic gauge.

041504-2

RAPID COMMUNICATIONS



INTRINSIC SOLAR SYSTEM DECOUPLING OFA ...
1 9,®
UV, Uk = = (g7 + URU”) 5=, (10)

The left part of this equation is the standard geodesic
equation while the right part is a noninertial acceleration
coming from the scalar coupling. The modification of the
acceleration of massive test particles with respect to GR
comes from both the modification of the metric given by
(7a) and the noninertial acceleration caused by Eq. (10). In
the time-coordinate parametrization, the free-fall equation
reads

d2x!
dt

. 19,
=agp t c_z{aiﬁw =3 aql)f} +0(1/c*)

=alp + O(1/c*), (1)

where al; is the standard relativistic acceleration. The
relation (8) shows there is an exact cancellation between
the noninertial acceleration dy; (ak; = — %2 %) and the
part of the inertial acceleration coming from the modifica-
tion of the metric ds,, (a%, = c7%9;6w). Therefore, the
trajectories of massive test particles are the same as in
GR at the 1.5 post-Newtonian order even though they are
not following geodesics anymore. As a consequence, the
accuracy of current observations of bodies in the Solar
System cannot constrain or test this theory.

IV. THE NORDTVEDT EFFECT

The Nordtvedt effect [41,42] describes a violation of the
strong equivalence principle in alternative metric theories
of gravitation. This effect is manifest through the depen-
dence of the gravitational mass of a body to its gravita-
tional self-energy [18]. The original approach of Nordtvedt
[41,42] considers pressureless material fields. However, for
pressureless gravitational sources, the scalar field of the
present theory has no source and therefore one cannot
expect any (Nordtvedt) effect. Hence, one has to deal
with the hydrodynamic formalism described by Will in
[43]. In the case of the present theory, one can show that
even when considering a general perfect fluid stress-energy
tensor, the hydrodynamic equations are the same as in GR
at the first post-Newtonian level. This is due to the exact
cancellation discussed in the previous section. Therefore,
the current theory does not lead to a Nordtvedt effect at the
first PN order (i.e. ny = 0).

V. TRAJECTORIES OF PHOTONS

Introducing the electromagnetic Lagrangian in the
action (1) and varying this action with respect to the
4-potential A* leads to the modified Maxwell equations.
In the vacuum, these equations reduce to

V,(VOFro) =0, (12)

where F#*¥ = A»* — A®7 is the standard Faraday tensor.
Following the analysis made in [44], we expand the 4-vector
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potential as A* = R{(a* + eb* + O(e?))exp */}. The in-
troduction of this expansion in (12) and the use of the Lorenz
gauge, lead to the usual null-geodesic equation at the geo-
metric optic limit (k“V,k* =0 and k,k* =0 where
ko, = 9,0). Therefore, as in GR, photons follow null geo-
desics at the geometric optic limit in the considered theory.
Hence, the modification of the trajectory of light produced by
the scalar field coupling comes only from the modification of
the metric. But we have seen in (7a) that the numerical
amplitude of the correction of the metric is of the order of
1/c*. Current measurements of light deflection are not sen-
sitive to second post-Newtonian effects in light propagation’
(see [45,46] and references therein). Therefore, we deduce
that the theory under study here is not constrained by current
Solar System experiments involving light propagation. In
particular, contrary to the standard Brans-Dicke theories,
the Cassini measurement of the post-Newtonian parameters
v [47] does not constrain this theory which predicts y = 1.
However, several space mission projects aim at reaching an
accuracy sufficient to detect the second post-Newtonian
effects on the light propagation (see [45,46,48] and referen-
ces therein). Such experiments may be able to put constraints
on the parameters of the present set of theories.

VI. GRAVITATIONAL REDSHIFT

Since the metric is modified from GR at the 1 PN level,
the gravitational redshift will be altered consequently.
A quick calculation based on the relation (7a) shows that
the gravitational redshift can be written as

£=l[£] +i4A5w, (13)
GR

[ c

where Av/v is the relative shift between two identical
frequency standards placed at rest at different heights in
a static gravitational field. The relative deviation from GR
is of the order (P/c?p) which is about 1076 for the Earth.
Measurements of the gravitational redshift with high
accuracy may allow constraints on the value of w(®y).
So far, the most precise measurement of the gravitational
redshift is due to the Gravity Probe A experiment [49]. It
confirmed the prediction of GR with a relative accuracy of
10~%. ACES [34] aims to measure the gravitational redshift
at the level of 107°. Therefore, ACES will be at the limit to
see a deviation from GR predicted by the present theories if
w(Py) ~ 1. In addition, STE-QUEST [35] aims to test the
gravitational redshift at the level of 1077, Therefore, this
mission will be able to constrain w(Py).

VII. CONCLUSION

In this Communication, we presented a class of scalar-
tensor theories of gravity with a universal coupling

>To be accurate, one can talk about the second post-Newtonian
level for test bodies with relativistic motions (2 PN/RM)—see
2.1 in [45].
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between the scalar field and the matter Lagrangian.
This type of coupling is not the same as the one appearing
in standard Brans-Dicke theory [27,37,38]. In the kind of
theory described by the action (1), a decoupling mecha-
nism naturally occurs between the scalar field and matter
when the pressure of the gravitational sources is signifi-
cantly lower than their energy densities. The post-
Newtonian metric differs from the GR one by a term of
order 1/c* in the temporal part of the metric. Nevertheless,
test masses do not follow geodesics and experience an
additional acceleration due to the coupling of the scalar
field. It turns out that this additional force compensates
exactly the modification of the equations of motion due to
the modification of the metric. Therefore, test masses
follow the same trajectory as the one predicted by GR
at the 1.5 PN order. Moreover, the light propagation
differs from GR at the 2 PN order, which is below the
current detection ability. Finally, the gravitational redshift
measured by clock rates in different positions in the gravi-
tational potential leads to a deviation from GR detectable
in the near future with the ACES and STE/QUEST
missions.

Since this theory satisfies all current Solar System tests,
it would be particularly interesting to study its behavior at
the cosmological level and see if this kind of theory can
naturally explain the acceleration of cosmic expansion or
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the inflation. The strong field regime can also lead to other
independent constraints to the theory considered here.
Therefore, it would be very interesting to study the
nonperturbative strong field effects as done in usual
scalar-tensor theories [50] and test the predictions of the
considered theory with binary pulsar experiments [51] or
gravitational wave detections [52].

This class of theories also shows that GR can be con-
firmed by some experiments while being invalidated by
some others at the same level of relative accuracy. Hence
this kind of theory justifies to test gravitation with experi-
ments related to very different physical processes (such as
free fall and gravitational redshift).
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