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Abstract. We study theories of gravity including, in addition to the metric, several scalar
fields in the gravitational sector. The particularity of this work is that we allow for direct
couplings between these gravitating scalars and the matter sector, which can generally be
different for the source and the probe of gravity, in addition to the universal interactions
generated by the Jordan frame metric. The weak gravity regime of this theory, which would
describe solar-system experiments, is studied using the parametrized post-Newtonian (PPN)
formalism. We derive the expression of the ten parameters of this formalism. Among them,
(3 and (4 are modified with respect to their values in the theories without direct couplings.
This fact holds even after eliminating the direct couplings between the gravitating scalars
and the energy density of the source, by redefinition of the Jordan frame. All other PPN
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parameters are insensitive to the direct couplings once in the correctly identified Jordan
frame. When direct couplings are different for the source and the probe of gravity, they make
non-relativistic probes deviate from the geodesics of the PPN metric in this frame, already
at Newtonian order. Such couplings would thus be directly detectable and would have been
excluded by experiments. This shows that, contrary to the claims in the recent literature,
it is impossible to screen the presence of gravitating scalars relying only on a curved target
space and direct couplings to matter.

Keywords: modified gravity, particle physics - cosmology connection, axions, dark energy
theory
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1 Introduction

Massless or very light gravitating scalar fields naturally arise in various cosmological models
motivated by high-energy constructions. In theories with extra dimensions, such as string
theory, they are naturally related to the geometry of the extra-dimensional space and are
hence generally called geometric moduli, radions or yet dilatons. The historical prototypical
example of a theory coupling a dilaton to gravity is the Brans-Dicke theory [1]. In effective
theories descending from string theory, these scalar fields are usually associated with scale-
invariant structures at the leading order in perturbation theory [2—6] and are thus massless
at this level. Upon mechanisms breaking their no-scale structures, such as the inclusion
of quantum corrections, the scalars can acquire small masses stabilizing them to certain
vacuum expectation values. If such stabilization indeed happened in the far past history of
our Universe, at high energy scales, these scalars are not active anymore and should just be
included in the effective vacuum energy density.

On another side, scalars that remained massless or extremely light today, hence not
stabilised and cosmologically active, can have numerous applications in modified theories
of gravity used to construct dark energy or dark matter models. For instance, they can
lead to equivalent descriptions of higher-order theories of gravity [7] or be quintessence
candidates [8-12]. However, cosmologically active (almost-)massless scalars would necessarily



mediate fifth forces for matter and if the scalars are universally coupled to matter, these
forces would typically be of gravitational strength [13]. These effects would then be accessible
in weak-gravity regions and observable in experiments constraining this regime, such as
solar-system experiments [14]. The latter indeed highly constrain metric theories of gravity
and show that deviations from general relativity have to be extremely small. This in turns
highly constrains the strength of universal couplings from gravitating scalars to matter, ruling
out their cosmological interest unless some screening mechanism takes place.

Numerous modifications of gravity prove successful at cosmological scales but dangerously
change physics at shorter length scales, in the Newtonian regime. Such theories cannot thus
be reasonably considered valid at any scale. One thus usually invokes screening mechanisms
hiding their features, such as the presence of very light scalars, in solar-system experiments.
Such mechanisms rely on non-linearities in the potential [15], couplings [16, 17] or kinetic
terms [18] of the scalar fields. See [19] for a review.

In recent papers [20, 21], the authors have studied the possibility of a mechanism that
could potentially hide the presence of cosmologically active scalars in the weak-field quasi-static
regime. The authors rely on direct couplings of scalar fields to matter fields, in addition to
the standard universal coupling through the metric. As such couplings violate the equivalence
principle, they should be small enough to remain undetectable by experiments testing this
principle on Earth. The studies mentioned above argue that even for very small couplings,
the weak gravity regime can be modified so to screen the presence of the very light gravitating
scalars. The authors have focused particularly on a model containing an axion and a dilaton,
with direct coupling between matter and the axion.

Motivated by this work, we investigate the weak gravity regime of general multi-scalar
theories with the inclusion of direct couplings in addition to the universal ones induced by
the Jordan frame metric. We thus study scalar-tensor theories including several massless
gravitating scalars, with direct matter couplings. The gravity sector, containing the metric and
gravitating scalars with curved scalar target space but no scalar potential, will be coupled to
matter through the Jordan frame metric and additional couplings. To study this theory in the
weak-field quasi-static regime, we will make use of the parametrized post-Newtonian (PPN)
formalism, which is a natural framework to compare theories of gravity in this regime and
has been developed gradually throughout the last century building on the early work of
Eddington [22-27].

The rest of the paper is organised as follows. In section 2 we present the framework
studied in the paper, by presenting the Lagrangian and associated equation of motions of the
gravitational theory under study, both in the Jordan and Einstein frames. For concreteness,
we show how the framework applies to the simple examples of the Brans-Dicke theory and
the axio-dilaton theory motivating this work. We then study in section 3 the quasi-static
weak-field regime of these theories, making use of the parametrized post-Newtonian formalism.
We derive the expression for the ten PPN parameters in multi-scalar theories with direct
couplings between gravitating scalars and matter fields. We then apply the obtained formulae
to the two aforementioned examples. Eventually, we study in section 4 if direct couplings
can change classical tests of theories of gravity giving access to the PPN metric, and thus
the PPN parameters. We present in section 5 a summary of our results and discuss possible
future directions along this work. The paper also includes appendix A which presents
definitions and identities related to the target-space functions and PPN functionals used in
the main body.



2 Multi-scalar theory of gravity with direct coupling

Scalar-tensor theories of gravity have been studied extensively in the literature [7, 28]. In the
present work we study the case of massless gravitating scalars, hence coupled non-minimally
to gravity, in the presence of direct couplings between these scalars and the matter fields. In
this section, we first present the action and set notations for the theories we consider in the
rest of this work. We show how the presence of direct couplings modify field equations for the
gravitational fields and support our discussion by taking two simple examples.

2.1 Action with direct couplings and equations of motion

Jordan frame action. We study scalar-tensor theories of gravity containing N several
scalar fields ¢%, a = 1,..., N, with non-minimal coupling to gravity defined by a function F'
and kinetic terms defined on a target space parametrized by a metric G,;. We thus consider
the following four-dimensional Jordan frame action

2
§ =8+ Sm = MT /d‘*fv\/TQ [F(e")R = Gup()0u0" D" g™ | + /d4m L (Gpurs X5 %)-

(2.1)

This action is written using the Jordan frame metric g,,, and in the matter Lagrangian £,

matter fields are denoted by x. As motivated in section 1, we allow for additional (weak)

couplings between the gravitating scalars and matter, as seen from the ¢® dependence of

L. The presence of these terms would violate the so-called universal coupling of matter to

gravitational fields. In the above action, M is a mass scale.

The scalar equations of motion derived from this action read

1 1
O + I'4.00°0¢° + = F'R + ——C* = 0. 2.2
Partial derivatives with Latin indices are taken with respect to scalar fields, 9, = 9/9¢® and
the metric Gy (inverse metric G%°) is used to lower (raise) scalar target-space indices. As in

the rest of the paper, we make use of the notations

oF

FazaaF: 8780047

Fop = O F, Fb =g"F,. (2.3)

In eq. (2.2) we used the Christoffel symbol I'{, defined as the Levi-Civita connection for the
target-space metric

1
l?c = §gad(abgcd + 8cgbd - adec)» (2.4)

and omitted space-time summation in the scalar kinetic terms in eq. (2.2), as will be done
in the rest of the paper. One should thus read as usual d¢?0p° = 97 p*0,°. We have also
introduced the matter-scalar coupling functions, which will be the main ingredients of the
present work and are defined through

2 05,
V=g dp*
The Einstein equations derived from our action (2.1) read
1 1

1
F (R;w - 29uuR> = WTMV + Gap (8;190&81/9017 - 59;”/ 890a690b)

+ Fa (V06" = 906" + Fup (0,6°00" = 90" 0") . (2.6)

Ca

(2.5)




We introduced the usual stress-energy tensor
2 68p
v —9 59/11/7

Taking the trace of eq. (2.6) leads to the following expression for the Ricci scalar

T T="T"g,,. (2.7)

1

R=—Fp

1 F,
T+ f (gab + 3Fab) a@aawb + ?’Faljsoa? (2'8)

which can be used in egs. (2.2) and (2.6) to express the scalar equations and trace-reversed
Einstein equations as

a

1 e

Ghe + 3Fbc)} 8<pb8goc = 5 <FT - C“) , (2.9)

3 Fe F
Op® + S F O + T8+ ——
RS’ @+{bc+2F(

1
FR,, — F, <Vu0,,50“ + 2gWDcp“>

1 1 1
_ig,uuFaba@aa(Pb — (Gab + Fuap) 0400 0" = e (T;w - QQWT> . (2.10)

We recall that F', Fy, Fop, Gap, I'f. are target-space functions depending on the scalar fields .

Einstein frame action. One could also study the same theory in the Einstein frame, where
there is no prefactor in front of the Ricci scalar. Although the PPN formalism is expressed in
the Jordan frame, some theories are naturally obtained and easily interpreted in a frame with
the canonical Einstein-Hilbert term. As this is the case for the axio-dilaton example we study
later, we now detail the explicit relation between the two formulations. They are equivalent
to each other and can be related by using the Einstein frame metric ¢g¥ defined through

1 E
G = gy I (2.11)

The action (2.1) can thus be written in the Einstein frame as

S = ]\f / d'z\/—g” [RE — GL 0. 0,6 g | + / 'z Lo (F7lgl 0 ¢%). (212)

The Einstein frame target-space metric gﬁ now includes new contributions coming from the
Weyl rescaling of the Ricci scalar, which schematically reads R = F(¢®)RF 4 f(p%, 0p%).
The relation between the two target-space metrics can be derived by expressing exactly the
additional terms of the Lagrangian appearing due to f(¢®, d¢?). Indeed, we shall have, up to
total derivatives:

N (FR + gabﬁuwa&,gpbg“l’) =4/—gF (RE + 650,00, 9" ’”) , (2.13)
which, using eq. (2.11) leads to

3F,F
(FG — Gav) 9" up"0ue" = FR¥ — R= S22

D0yl gh . (2.14)

The last equality holds in d = 4 dimensions and up to total derivatives. This leads to the
simple relation:
3F.F

1
E _ - Q2Laro
Gab = 5 Gab + 572 (2.15)



We again stress that eq. (2.12) is obtained after partial integration. The stress-energy tensor
T /E, is defined as in eq. (2.7), obtained by varying the matter action with respect to the
Einstein frame metric, reads

1

2 0Sm 7 1
TEmw _ 7T/W TE — —1q It = R — o) 2.16
ﬁ ‘9E59,w F3 i F e gwj F?2 ( )

The Einstein frame matter-scalar coupling functions C¥¢ also differ from the ones in the
Jordan frame, not only due to the \/—g factor in their definition eq. (2.5), but also due to the
fact that the universal coupling contains a term in the scalar fields. They indeed read

b 2 9mFTgn 09" V=g o 2 05w 00 O
¢ Ve 5p® N AT 09/ 09w 0"

bt )
==t 7 = Ca5T). (2.17)

The equations of motion in the Einstein frame can be written in terms of these new quantities as

1
0P + TELop 0" = — 2CEa, (2.18)
2M
1 1
Q 100" ,,cp =2 (TE — 2gWTE>. (2.19)

They are simply derived from the Einstein frame action (2.12) but can also be induced from
egs. (2.9) and (2.10) making use of relations (2.15) to (2.17). Although these field equations
seem simpler than the Jordan frame ones, PPN parameters are computed in this latter frame.
This is the case because the Jordan frame metric appears in matter field kinetic terms so that
particles follow geodesics of the Jordan frame metric.

2.2 Particular cases

We now apply the above generic notations for multi-scalar gravity to two particular examples,
the Brans-Dicke(-like) theory and the axio-dilaton theory. As it contains one single scalar field,
the first one is not even a multi-scalar but is nevertheless useful for the rest of the discussion.

Brans-Dicke scalar-tensor theory. We start with the study of the simple Brans-Dicke
theory [1], which contains only one scalar field with kinetic term parametrized by w. Even
though in the original version of the theory a constant w was studied, we relax this condition
as in the extended case studied by [29-31]. The theory is thus described by the Jordan frame
action

s =" [atev=g [or - “D007] + [ ata L0 (2.20)
This action can be seen as a particular case of eq. (2.1) by taking schematically
a a w (z) a
o =0, Guoog = “Daop, Fe) =6 €= (221)
These definitions lead to the following target-space functions
¢ 1 (w)
F,=0,F=1, Fpp=0uF =0, F*=G¢"F, ==, T¢ ==-29,(—), 2.22
0, b =0 =0 wabc2w3¢¢ (2.22)



which, according to egs. (2.9) and (2.10), give the equations of motion

d T
(3 + 2w) 06 + 2—%(&;&) 5 (2.23)

1 1
GRp — V0,6 — g,qub d)aﬂgba,,gb - (TW _ 29#,,T> . (2.24)

The Brans-Dicke theory can also be expressed in the Einstein frame through the Weyl rescaling

1 E 1 E
y=——g8 == ¢F 2.2
gll« F(gb)gp,y §Z5 g/ﬂ/ ( 5)

which allows to rewrite the action (2.20) as

Spp = Nf/d‘*ac\/ﬁ {RE - (g —|—w(¢>)) ] /d4x£ ( gm,,x> (2.26)

In the case of constant w(¢) = w, one obtains the canonical scalar kinetic term by defining a
new variable ¢¥ so that

@072 = (5 + ) (00" 227

and thus

_ 4 o)) 2.28
e[y T - oo
The action for this canonical scalar in the Einstein frame hence reduces to

Spp = ]\f /d%c@[RE — (8<Z>E)2} + Ly, <F(1¢)g5”’x> . (2.29)

One can alternatively define Brans-Dicke theory starting from this last action, by choosing
the function F(¢(¢”)) = exp(go”). According to eq. (2.28) this corresponds to identifying

g’ = 3 f%. (2.30)
The action (2.29) leads to the simple equations of motions
O¢F + ]\32TE 0, (2.31)
Rf, — 0,07 0,0 1\;2 (Tfy —% [fVTE> (2.32)
where Tﬁ/ = %Tuu is the Einstein frame stress-energy tensor. These are equivalent to

egs. (2.23) and (2.24) with constant w.

Axio-dilaton theory. We follow [20] and consider the axion-dilaton theory in the Einstein

frame as a case with Kéahler target-space manifold. It can thus be described in terms of
a complex scalar field t = 1(7 + ia) and its complex conjugate ¢ = (7 — ia), with only

non-vanishing target-space metric and connection components reading
3 3 Bt 2 2

E _ _ _ _ Et _ 1Et
gtg—m—ﬁ, r tt__m__;v I E—F - (233)



The scalars are coupled to gravity and matter through the defining functions

Ft,))=t+t=7, C'=cCt=0, (2.34)
so that we simply get
¢ Et (t+8)?> _71° Et F' g T E
OF =1, 0F =GFPoF =~ = o =P = 07P (2.35)

Moo,
SZT/“V_QE T

M2 3 o
— 7/(143:\/—9}3 [RE ~ 52 (Out Oy + Opa Oya) gE"”} + /d4x£m (gi,x,cp“> .

The Einstein frame action (2.12) thus reads:
6 _ 9k
RE — 20,10, gE”V} + [ dac, ( 1% ¢a>

(2.36)
The scalar field equations (2.18) simply read
2 t+t
OFt — ——otot — TF =0 2.37
t+t 6112 ’ (2:37)

together with its complex conjugate, which contains the same informations. Their real and
imaginary parts lead to

Ofr — %[araf — 9ada| — ——TF =, (2.38)

-

3M2
2

0fa — ~0rda = 0. (2.39)

The theory can also be expressed ignoring the Kéhler structure by considering directly the
scalar fields 7 and a, with target-space functions

3
F(T,G)IT, gg—:gﬁ:ﬁ, C.=Cq =0,
1 1 272 2
FEga:—;, PE;a:_FE:‘r:? F.=1, F,=0, FT:%, CET:_?TTE'
(2.40)

Applying eq. (2.18) with the above functions expressed in terms of the real scalars directly
gives back the equations of motion (2.38) and (2.39).

3 Parametrized post-Newtonian formalism and parameters

The parametrized post-Newtonian (PPN) formalism was developed to test predictions of
metric theories of gravity in the weak-field and slowly-varying regime, hence directly applicable
to solar-system experiments. This formalism allows one to compare metrics generated by
matter sources in different theories of gravity. To do so, one computes the metrics generated
by a perfect fluid matter source, by solving the field equations of the theory at post-Newtonian
order. Once the metric is expanded in the parametrized post-Newtonian form, the comparison



from one theory of gravity to another is done by looking at the expansion coefficients, called
PPN parameters.

Metric theories of gravity postulate that matter and non-gravitational fields interact
with the space-time metric only, forbidding any direct couplings with the other gravitational
fields of the theory (which nevertheless play a role in the production of the metric). The goal
of the present work is specifically to study the consequences of a (small) violation of this
assumption, by introducing direct couplings between matter and gravitating scalar fields. One
might wonder if this rules out the use of the PPN formalism to study the quasi-stationary
weak-field regime. In the case where these direct couplings are strong, one certainly expects
that matter dynamics would be ruled by interactions with the additional gravitating fields,
rather than by the metric and hence the space-time geometry. Nevertheless, if these couplings
are small enough, this shall not be the case, and matter could only be sensitive to the metric.
In this latter case, it is thus of great interest to see how the presence of direct couplings
between matter and additional gravitational fields affect the metric generated by localized
matter sources. The PPN formalism is thus the ideal framework to study this question.

The goal of this section is to compute the PPN parameters in the presence of direct
couplings between gravitating scalars and matter fields and investigate how they differ from
the ones obtained without direct couplings. We will use the formalism and conventions
exposed in [32].

3.1 Parametrized post-Newtonian expansion of fields

The PPN formalism studies an isolated post-Newtonian system in a homogeneous isotropic
expanding universe. Matter sources of the system are modeled as perfect fluids. Each fluid
element of speed ¥ is made of matter with rest-mass density p, under pressure p. To apply
the formalism, we will first perform the post-Newtonian expansion of the various fields of
the theory. This amounts to expand the different gravitating fields (metric, scalar fields)
generated by the matter source, in terms of the parameter:

o
Il
ol

(3.1)
Here v? = v'v; is the velocity of the fluid in the local quasi-Cartesian coordinates, also called
standard post-Newtonian coordinates, which are asymptotically Minkowski. This coordinate
system is chosen so that regions far from the isolated PN system are free falling in the
cosmological model and at rest with respect to the Universe rest frame. One should thus
expect a FLRW asymptotic form for the metric. However, as the time scale of the expansion
of the Universe is today way smaller than the solar-system times scales, one can always use
coordinates which are asymptotically Minkowski during the period of the experiment. We
will thus generically denote the metric as:

Juv = Nuv + h;w = Nuv + 0(62)7 (32)
where 7, is the Minkowski metric.

PPN parameters and coefficients. The idea of the PPN formalism is to expand the
fields of the theory in terms of functionals of the matter source, hence constructed from p(x*),
p(a*) or T(zH), |£ — &'|... There is a priori an infinity of possible functionals even at first PN
order, hence at the €2 or e* order. Nevertheless, the PPN formalism restricts the choice of

functionals. They should indeed satisfy various obvious conditions: they should vanish far



from the source, they should have appropriate Lorentz transformations, they should not have
reference to any preferred spatio-temporal origins. The PPN formalism moreover imposes
slightly more arbitrary conditions: these functionals should not involve gradients of the matter
sources functions and they should be rather simple [32].

The appropriate functionals are called PPN potentials or PPN functionals. Definitions
and relations between some of these functionals are given in appendix A.2. The metric should
thus be expanded at first PN order in terms of the Newtonian potential U, post-Newtonian
potentials @y, @1, ®y, P3, 4, A, B and functionals V;, W;. Once put in the so-called
post-Newtonian gauge, where the spatial components of the metric are diagonal and the
temporal component does not contain the B functional,! it reads:

goo = —1 4 2GU — 28U% — 2Dy + (27 + 2+ az + (1 — 26) Py
+2(37 =284+ 1+ G+ &P +2(1 + (3)P3 + 2(3y + 3¢ — 28) Py — (¢1 — 26)A, (3.3)

1 1
—5(4’7 +3+ar—az+ ¢ —2)V; - 5(1 +ag — (1 + 25 W, (3.4)
ik = (1 + 2’)’U)(5jk. (3.5)

goj =

We see that the component of the post-Newtonian metric depends only on the value of the
Newton constant G and ten parameters v, 8, &, a1, as, as, (1, C2, (3, (4. This is why this
formalism is called parametrized post-Newtonian (PPN) formalism and the parameters are
called PPN parameters. Of course, the expansion of egs. (3.3) to (3.5) directly gives the
corresponding one for hy, defined in eq. (3.2).

The Newton constant G is related, in a given theory, to a mass scale of the theory, e.g.
M in eq. (2.1), through the field equations. One often chooses the units with M = 1 or
the ones with G = 1. This last condition can be imposed today through the cosmological
matching conditions, explained below. Indeed, it will in general depend on the values of the
fields far from the PN source, as can be seen from eq. (3.24) below.

The v and 8 parameters are already included in the Eddington-Robertson-Schiff (ERS)
formalism [22-24], while the other ones were defined in the full PPN formalism developed
in [25-27]. The parameter ~ evaluates the quantity of space-time curvature produced by rest
masses while 8 accounts for non-linearities present in the superposition law for gravity. In
general relativity, both take unit values

Yer = Ber = 1. (3.6)

The other PPN parameters also have a meaning in the standard PPN gauge. The parameter
¢ evaluates preferred-location effects, «; evaluates preferred-frame effects, while a3 and (;
indicate violations of conservation of total momentum. For a detailed discussion, see [32] and
the summary of table 4.3 therein. In our framework, we expect in advance non-vanishing
values for the PPN parameters indicating violations of momentum conservation. Indeed, as
will be explained around eq. (4.4), the presence of direct couplings generically introduces
terms in the divergence of the stress-energy tensor.

As for the metric, one shall also expand the gravitating scalar fields in terms of the ¢
order parameter:

" = @ + @5 + i + O(e°), ph=cst, 93 =0(), ¢i=0(c").  (37)

'For theories without time diffeomorphism invariance, such as Hofava gravity (in the unitary gauge), the
functional B should also be kept in the PPN metric [33].



The ¢f, ¢§ and ¢f are respectively of order €Y, €2 and €*. The latter are thus expanded on
the PN potentials as

@5 = 274U, (3.8)
05 = CEyU? + CL Oy + CLdy + CiDy + CP3 + CDy + CYA + CEB. (3.9)

Cosmological matching conditions. The order €” fields are determined by the cosmolog-
ical boundary conditions. Indeed, as the PN functionals vanish when the distance r from the
source goes to large values, the asymptotic values of the scalars are given by ¢%(r — o0) = ¢§.
The constants ¢f shall thus be determined by the surrounding cosmological model, inde-
pendent of the PN system, and will constitute cosmological matching conditions. We also
recall that, as explained below eq. (3.1), the coordinate system is also chosen such that
the metric approaches a Minkowski metric far from the source. In an expanding Universe
this simply assumes that the typical time of gravitational experiments is small compared to
cosmological times.

Matter PN expansion. Finally, the matter sector should also be PN expanded. As already
stated, one considers the perfect fluid approximation for the matter source, the stress-energy
tensor of which thus reads:

T = (p + pIl + p)uru” + pg"”, (3.10)

where again, p and p are is the rest-mass energy density and pressure, pIl the internal energy
density, and u* = dx# /dr the 4-velocity of the fluid elements normalised so that u*u, = —1.
In solar systems, velocities of gravitating bodies are related to the Newtonian potential U by
virial relations. What’s more, their pressures p and internal energies pll are smaller than their
potential energy pU. The PN orders of the various functions defining the source are thus:

Unpm?=0(2),  pSpU=0Y,  T<U=0()
u' = dt/drdx’/dt = u®v' = O(e). (3.11)

In the following perturbative study, we will use the fact that, in the quasi-static regime,
temporal derivatives are smaller than gradients. This amounts to consider the relation

) 0
ot 8.7}@ ’

~ TV~ O(e) x (3.12)

when evaluating the PN order of a expression. As can be seen from egs. (3.3) to (3.5), at
lowest orders in € the metric takes the form:

goo = —1 4+ 2GU + O(eY), g0 = 0+ O(e"), gij = 0i(1+29U) + O(e').  (3.13)

Using the normalisation condition for u”, the stress-energy tensor can thus be expanded to
O(e?) as

T = p+ pll + pv? +2GpU + O(e%), T = pv'v? + pd + O(€9). (3.14)

The coupling functions C* must also be specified, for instance through their computation
from a concrete matter Lagrangian L,,, as well as PN expanded. Following the perfect fluid
form for the stress-energy tensor, we shall simply expand them in the following way:

C" = c"p+ & pIl + ¢ pv* + ¢ pU+cgp+O(e6). (3.15)
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In general the coupling functions C* and their expansion (3.15) can be different for the
source and the probe of gravity. As shown in subsection 3.4, one can eliminate one among the
three source coupling coefficients c?, cf, ¢, by redefinition of the Jordan frame. Generally
one cannot eliminate more than one of these coefficients. At the moment, we however keep
all of them until we derive the formulae for the PPN parameters.

3.2 PPN expanded field equations

Once every field has been PN expanded as in the previous section, the PPN expansion
coefficients and the PPN parameters are to be computed through the field equations of the
theory. They will be related to the target space functions F', G, and their derivatives. In
order to solve perturbatively the field equations (2.9) and (2.10), we must thus PN expand
them keeping track of the e order of each term. To do so, we thus expand the target-space
functions, giving for instance:

F(¢") = F(¢) + Fy(0) 0 + O(e*),  Fal9®) = Fu(0§) + Fap(f)eh + O(e*),  (3.16)

as well as operators depending on the metric, such as the D’Alembertian operator [ or the
(space-time) Levi-Civita connection:

DWG‘Z = ggya,ual/@%a
Op®a = ("' V00,01 = gb" (V0,02 + 96" (V000 0®) |4
= gb" 0u0ups + 95" 0u0u et — gb" (T}1,)20a5, (3.17)

a L o
(F,u,z/)Q = 590 (aMQQUV + al/.g2au - 8092;11/)- (318)

The scalar equations (2.9) are thus expanded as

3
O(é%): D¢“|2+§A§D<pb|2 = o7 (B T2=C5), (3.19)

O(e") : D2 ASTIR )4+ O 0, gl + 0 AT 50 s = 25 by L (Bomy —cg
(€) : Dp®at 5 ApD° 4+ Cpedupadupagy +0:A3 03007 |2 = om0 Tot o 5 (B Ta =),
(3.20)

where we defined
F°F, Fe B®

Al = Tb =B, B"=—%.  Cj=Th+ 5 (G + 3Fu). (3.21)

When not specified, as in egs. (3.19) and (3.20), the above target-space functions and their
derivatives are evaluated at ¢fj, being understood that the PN expansion of their variables
has already been performed.

The trace-reversed Einstein equation (2.10) is expanded as

1 1

1
O(¢*): FRyy—F, (8u8,,90%+290uu580a|2) =2 <T2;w— 290WT2) ) (3:22)
1

0(64) : FR4uV+FaSOC2LR2uV_FabSOg (8;181/()0(21_ 290;11/‘:‘()0(1‘2)

1 1
— Iy (v,ualﬂpah"‘292MV|:|SDCL’2+290MVD§0G‘4>
1
M2

1 1
<T4;u/ - 792;11/T2 - gOuVT4) .

1
_*gﬂuuFab aaSDS 86903 g(?ﬁ_ (gab+Fab) 8#90%81/903 = 2 92
(3.23)

2
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3.3 Determining the PPN parameters: procedure and results

The metric PPN parameters and the PPN coefficients of the various gravitational fields can
be obtained by solving the field equations in a systematic way. We follow a procedure inspired
by [32], that we summarize hereafter.

The initial steps of the standard procedure of [32], corresponding to the determination
of the gravitating and matter variables, the definition of the cosmological matching conditions
and the PN expansion of the fields and equations of motion, have been explicitly showed
earlier. Our procedure thus follows the successive steps:

Step 1. Solve for hoo and ¢% at order O(e?) using the O(€?) field equations. According to
the expansions given in egs. (3.3), (3.7) and (3.8), this will thus determine the value of
G and v,e in terms of the cosmological matching parameters.

Step 2. Solve for h;; at O(€®). As can be seen from eq. (3.5), this immediately gives the
value of the v parameter.

Step 3. Solve for hg; at O(e?). From eq. (3.4), we see that, comparing the V; and W;
parameters in hg;, one obtains the value of a;.

Step 4. Solve for ¢$ using the scalar field equations eq. (3.20). According to eqs. (3.7)
and (3.9), this will give the C{y;, Cfy, Cft, C%, Cg coefficients in terms of the scalar
target-space functions and the expansion coefficients of the coupling C* shown in
eq. (3.15).

Step 5. Solve for hgy at O(e?) using the field equations at order O(e*). This is the most
computationally expansive step. It leads to the obtention of the remaining PPN
Coefﬁcients, namely a2, 3, (4, Bv ga Cla CQ? 63'

In order to implement the above procedure, we transform the differential equations for
the fields into algebraic equations for the PPN coefficients. To this end, we first plug the
PPN expansions for the various fields into the field equations, then use the knowledge of
specific relations between the derivatives of the PN potentials. Some of the latter are given
in appendix A.2. In this manner, solving for the various fields at a certain PN order O(€™)
turns into solving the algebraic equations in terms of the PPN coefficients playing a role at
this order. We obtained, step by step, the following PPN parameters in terms of the target
space functions:

(4B + ¢“)F, + 2

tep 1: - 24
Step 1: C= PGB E.+2) (3:24)
_F 2B+ ") = 3(B — BYF,
Tt T (4B° + ) F, + 2
1 2(B% + %) — 3(B% — B°c*)F,
_ 1 2B+ ) —3(B )Fe . (3.25)
2G 3B°F, 1 2
(2B — ¢°)F, + 2 2(B° + ¢)F,
Step 2: - —1- . 3.26
P 7T 4B+ O)F, + 2 (4B° + ©)F, + 2 (3:26)
Step 3: ay; =0. (3.27)
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Step 4 € 5:  ap =0, asz =0, £=0, (1 =0, (3.28)
24(B%¢ — B°c*)F,F'Fy,

G2 = (3B°F, + 2)(AB°F, + c°F, + 2)2
(2(B% + ) = 3(Bect = Bc)F, ) (F*Fyca + FF'Vac, — FcFiy)
+ (4B¢F, 4 c°F. + 2)? ’
(3.29)
c c lCc + ) F,
PO G (Gl £ (= 3P ‘ (3.30)
T AB°F, + ¢°F, + 2’ AB°F, + ¢F, + 2 '
B¢+¢°)(B+c%)(F.Fy — 2FF,
(3BCF,. + 2)(4B°F, + °F,. + 2)2
where in the expression for 5 and (o, we introduced the target space covariant tensor
Foy=V.Fy=V.04F = F,q—T'%F,. (3.32)

In the above expressions, in which we set M = 1, all the functions F,, B¢, F, c¢ are evaluated
at the cosmological background values ¢f for the gravitating scalars. As mentioned in the
text below eq. (3.5) we thus see from eq. (3.24) that the value for the Newton constant G
depends on the values of the cosmological fields ¢f.

The above expressions are thus the general expressions for the ten PPN parameters in
multi-scalar theories of gravity with direct coupling. The can be used for any theory once put
in the form of eq. (2.1). For multi-scalar theories of gravity without direct coupling, the
and ~y parameters were already computed in [28], although with different notations.

One can see from the above formulae that in the special case where B. = —c¢., the PPN
parameters are identical to those of general relativity. This is not a surprise, as going back to
the O(e?) order expansion eq. (3.19) of the scalars field equations eq. (2.9), we see that this
corresponds to the case where the scalars decouple. This can also be seen easily from the
computation (2.17) of the direct couplings in the Einstein frame.

In other cases, the PPN parameters are different. For small direct couplings, i.e. for
c® < B, they differ only very slightly from the PPN parameters obtained in the corresponding
theory without direct couplings. This seems to go against the claim made in [20] for the
axio-dilaton theory. We come back to this specific case below.

3.4 Redefining the Jordan frame

We remark that, at the first PPN order, most of the PPN parameters obtained in eqgs. (3.24)
to (3.31) depend on the direct couplings only through c¢*. We will show that a Weyl
transformation allows to go in a frame where this coefficient vanishes. Using eq. (3.14) we
first expand the trace of the stress-energy tensor:

T =T"g,, =—p— pll+3p+ O(), (3.33)
and use its expression to write the coupling C* of eq. (3.15) as
C = —c"T 4 (¢ — ¢)pIl + cpv? + ¢ pU + (cp +3c")p+ O(€%). (3.34)

When can then apply a Weyl transformation on the initial action (2.1), similar to the one
used in eq. (2.11) to go to Einstein frame, but here with generic function f(¢?). Defining the
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new metric g through

L (3.35)
v = 7N 9w .
S (”0 s
the new target-space functions, stress-energy tensor and direct couplings read
_ - 3 _of __OF
F=[fF, gab:fgab+§Ffafb+3Fafbv fa:ai(pa’ Fa:ai@av (3~36)
= AT T= T, C* = f20°+ ffaT. (3.37)
From this last equality and from eq. (3.34), we deduce that by choosing
f(p?) = e, (3.38)
we can go in a frame with
c = f? {(c% — Il + pv? + ¢ pU + (cp+ 3c“)p} + O(€%). (3.39)
In this frame, the new expansion parameters thus read
F =0, = A, @= =i, =[S 43).  (3.40)

As motivated above, we see that in this frame ¢ = 0 so that the PPN parameters of egs. (3.24)
to (3.31) take the simpler form

ABCF. + 2
Go 2D fet2 (3.41)
F(3B°F.+2)
FB® 1 Be
’}Qpa = —— = — —— . (342)
4B¢F,. + 2 G 3B¢F. +2
2BCF. + 2 2BCF,
4B¢F,. + 2 4B¢F. + 2
o] = 0, a9 = 0, a3 = 0, f = O, Cl = 0, CQ = 0 (3.44)
e F. 1 ¢&F
(3=—c - e (3.45)
4B¢F,. + 2 34B¢F, + 2
B¢B(F.F, — 2FF,
,8:1+ > 2 ( clt'd — 4r Cd) ' (346)
(3BCF,. + 2)(4B°F, + 2)?

We see that these PPN parameters differ from the ones of the multi-scalar tensor theory
defined with F', G, only through (3 and ¢4. Hence, the Weyl transformation of eq. (3.38)
allows to go in a new Jordan frame, where the direct couplings between the gravitating
scalars and the source are at least of €* order, and the defining functions of the gravitating
part of the theory are given by eq. (3.36). Depending on the case, it might be easier to
extract the PPN parameters from the initial action eq. (2.1) through the formulae given in
egs. (3.24) to (3.31), or perform first the above Weyl transformation and then use expressions
of egs. (3.41) to (3.46).

3.5 The PPN parameters for particular cases

We now apply the above results for the PPN parameters to the two examples presented in
section 2.2. The first example can be seen as a consistency check of our formulae. On the
other hand, the second example is one of the motivations of this work.
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Brans-Dicke theory. The Brans-Dicke theories presented in section 2.2 correspond to the
target-space functions:

F(SDQ) :¢7 Ca:07 Fazla Fabzaabony Fa:gabe: %a (347)
. 1/1 o
Fop = -G Fe = 5 <¢ - w) . (3.48)

We thus deduce the following expressions for the relevant terms

Foooq 1 . '
B*=—==, BF.=-, 2B°BFF,=w"? (1 - ¢>°") (3.49)
F w w w

appearing in expressions (3.24) to (3.31) for the PPN parameters. The non-vanishing PPN
parameters thus read

F B ®0 4B°F, + 2 44 2w

_r _ _ - 3.50
10T S 9BeF, 11 2(w2) F(3BF.+2)  ¢0(3+2w)’ (3:50)
_ BF.4+1 14w 51— B°BYF.Fy—2FF,) b W’
TTOBE. 11 21w T ABBF, +2)(2B°F. +1)2 43+ 20)(2 + w)?’
(3.51)

As should be clear from the discussion on the PPN formalism, in these results the values
for the target-space functions are evaluated for the cosmological background. One should
thus read w = w(dp) and W’ = w'(¢p). From the standard results above, we see that for a
given function w(¢), namely a given Brans-Dicke theory, constraints on the PPN parameters
directly fix the maximal possible strength of coupling between matter and the scalar field ¢q.

Axio-dilaton theory. This case was defined in eq. (2.33) in the Einstein frame following
the study of [20]. The PPN parameters being computed in the Jordan frame, one has to go
from the target-space metric in the Einstein frame to the one in the Jordan frame in order
to apply the above formulas. Inverting eq. (2.15) the Jordan frame target-space metric is
expressed through the Einstein frame one by:

3 FoFy

gab:Fgfb—2 iz

(3.52)
Note that when going to Jordan frame, the Kéhler structure might not be preserved. Hence
it is necessary to work with real scalars. We thus deduce the Jordan frame target-space
functions of the axio-dilaton case from eq. (2.40):

F(r,a)=T F. =1, F,=0, (3.53)

3
gTT:qug—_izoy gaa:'rgﬂ:

o (3.54)

Z.
Here, the subscript a refers to the axion field a(z*), as shall be clear to the reader. From
eq. (3.54) we see that this case is slightly degenerate because of the vanishing of the dilaton

part of the target-space metric, i.e the absence of dilaton kinetic term in the Jordan frame.
The action (2.36) is indeed written in the Jordan frame as

2
S = ]\g/d4x,/—g |:7'R— 2?;8%8”4 + /d4$£m(gm/u>€)7 (3'55)
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the dilaton part of which corresponds to a Brans-Dicke scalar with vanishing function w(7) = 0.
The PPN parameters can be obtained by taking formally the limit B™ = G F, — oo in
eq. (3.24) to (3.31):

Yy=5, b=l a=m=a3=({=0=0=30G=30u=0. (3.56)

This result naturally agrees with the Brans-Dicke case with w = 0.

The degeneracy of the Jordan frame action (3.55) comes from the fact that the Einstein
frame kinetic terms for the dilaton (and axion) are exactly the ones generated by the change in
Ricci scalar under the Weyl transformation. Note that vanishing kinetic terms in the Jordan
frame are harmless, as opposite to vanishing kinetic terms in the Einstein frame, which reveal
strongly coupled dynamics. In order to obtain non-degenerate Jordan target-space functions,
one could nevertheless consider slightly different normalization of the Einstein frame kinetic
terms, while keeping the same gravity coupling function F(7,a) = 7. For instance, one might
parametrize kinetic terms for the dilaton 7 through a small parameter €,, by adding to the
action (3.55) a term of the form

M? 4 €r
Se, = T/d x\/—g {27_8”7'8”7'] : (3.57)

The target-space metric (3.54) would then contain terms proportional to €, in particular a
non-vanishing G.,. By first applying the PPN formulae (3.24) to (3.31), then taking the limit
e; — 0, one obtains back the results of eq. (3.56).

Axio-dilaton with direct coupling. The authors of [20] introduced a direct coupling to
matter for the axion field a(z*). It is defined in the Einstein frame as

2 6Sm
V—gF da

The coupling A should agree with the Einstein frame coupling CZ. The latter were obtained
through eq. (2.17) from C,, the Jordan frame couplings defined in eq. (2.5). According to
eq. (3.53), in the present case we have F, = 0 for the axion, so that A is here identical to the
Einstein frame coupling

A

(3.58)

2
A= =
1/_gE Jda /_g

as should be. The last equality is obtained by applying eq. (2.17) with ¢® = a being the axion
field. In order to evaluate the expressions for PPN coefficients derived in section 3.3, we have
to identify the Jordan frame couplings C. and their PPN expansion. They would thus read

O5m _ v Jc,=c, (3.59)

9424 =0 cr—guc, =24 =0 (3.60)
\/jg 9 T a 3 bl . .
Following the initial work [20], we consider the simplest coupling expansion for non-relativistic
sources, taking the form

Co =

A= €cpl.P; (3'61)
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for constant €., coupling coefficient. The cumbersome subscript is used to avoid confusion
with the PN expansion parameter e. According to eqs. (3.15) and (3.60) the above coupling

corresponds to
2

Ca = 7'2661,[,, = 3 T?’ecpl_, cr=0, ¢ =0. (3.62)
All the other coefficients of the PN expansion eq. (3.15), such as cf; or ¢p, vanish in this case.
In eq. (3.62), we should obtain ¢ by raising the index with the inverse metric G'". Whereas
the latter is ill defined, as G, vanishes, it is still natural to take ¢ = 0. To be convinced,
one could go to the non-degenerate case by adding the term €, term of eq. (3.57) to the
action. One would then obtain a non-vanishing target-space metric element G, ., finite G™7,
and indeed get ¢™ = 0.

Now that we identified the coupling functions and their expansion parameters, we can
use the expression found in section 3.3 for the PPN parameters in the presence of direct
couplings. From eq. (3.26) it appears that the v parameter is unchanged compared to the case
without the direct couplings, as ¢“F, = ¢*F, + ¢" - = 0. Moreover, the [ parameter is also
unchanged, because the direct couplings ¢® have no effect when taking the limit B¢F, — oo.
We thus obtain the same PPN parameters as in the case without the direct axion coupling:

7:%, B=1, ar=as=a3=£E=C=C=Cs=C =0 (3.63)

More generally, we remark that when the function F({x?}) and direct couplings C®
depend on sets of scalar fields {¢?} and {¢’} containing no common element, the parameter
v is unaffected by the direct couplings since ¢“F, = 0. This is a priori not the case for the
parameter [ since there is a term in Fop containing the connection term I'¢; Fe which can mix
the indices.

Remark on the computation of [20]. By computing the first terms of the metric
expansion in a spherically symmetric case, the authors of this previous work derived formulae
for PPN parameters, valid in the limit €. — 0 where the axion direct coupling (3.61) is
small. According to (3.46) and (3.47) of [20] they read

2 2
6cpl./8

2
9 (cosh5 + %ecplﬂ sinh 5)

3 —€g.Btanho
773 + €cpr. B tanhd’

B—1+ (3.64)

where § and [ are related to boundary conditions of the solutions, namely the asymptotic
values of the field. Indeed, in their formulae ((3.37), (3.38) and (3.40) of [20]), the authors
of [20] give the following relations:

—2€cp1. GM —2GM
Voo, = — ) A Vpe N , (3.65)
3 3
(oo = o — [ tanh d, Too = cofhd' (3.66)

From eq. (3.65) we directly deduce that

(3.67)
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The values of the axion and dilaton profiles far from the source, i.e. ay, and 7o, have to be
finite and are fixed by the cosmological matching conditions even in the €., — 0 limit. One
can thus rewrite the first equality in (3.66) as

Btanh§ = — oo, (3.68)

Ecpl.

so that the two PPN parameters of eq. (3.64) can be expanded

2— €cpl. Qoo 1
_ —240 3.69
v 4 €epl. 0 2 (Ecpl.)a ( )
2 2 2 2 2 2
€ € € T,
5 1 cpl./B cpl.ﬁ cpl. ' oo O(Ezpl_)-

2 2 2
9 cosh? § (1 + Zécp Btanh 5) cosh” §(4 — €gpr.aoo)? (4 — €cpl.lioo)
(3.70)

We see that in the limit €.y — 0 of validity of these expressions, they simply lead to the
Brans-Dicke PPN parameters with w(7) = 0, as we found in eq. (3.63). In a more recent
work [21] the same authors study the possibility to evade this fact by considering non-linear
coupling for the axion, hence relaxing the condition eq. (3.61).

4 Observational constraints on the PPN parameters

In this section, we tackle the question of classical constraints on the PPN parameters in the
presence of direct couplings. In order to obtain the equations for classical tests of gravity,
and thus constrain the PPN parameters, the full approach should study the post-Newtonian
equations of motion for a system of massive bodies constituted of a PN source and a probe,
such as the Sun and a planet. In general, this must be done by treating the massive bodies
as gravitating clusters of massive particles and obtaining the equations of motion for their
centers of mass. This study is not straightforward in the presence of direct couplings, as
the definition of mass densities is not obvious in the PPN formalism. Indeed, neither the
rest-mass density nor the mass-energy density are conserved. However, by averaging on
internal dynamical timescales, which is justified by the fact that the time scales of the changes
on the internal structures of the Sun and planets are way shorter than the typical orbital times,
the final equations of motions can be obtained without such precise considerations [32]. The
obtention of the equation for the acceleration of massive bodies, depending on the ten PPN
parameters, is nevertheless not immediate. In the present case, the intermediate steps using
continuity equations and conservation law integrals should take into account the presence of
direct couplings.

Another approach is to consider the PPN metric generated by the PN source and looking
at the test probe simply as a massive point particle. In this approach, the massive source
and massive probe are treated differently in general. For instance, while a point particle is
structureless, some of the post-Newtonian gravitational effects included in the PPN metric
can be generated from rotation or non-sphericity of the source. Furthermore, in general the
source and the probe of gravity may have different properties so that the coupling functions
C® and their expansion (3.15) can be different for the source and the probe. In particular,
although in subsection 3.4 we have set ¢* = 0 for the source by redefinition of the Jordan
frame, c* for the probe in this frame may be non-zero in general. In section 4.1 we evaluate
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the possible modifications from geodesic motion of a test point particles, due to the presence
of direct couplings responsible for additional forces.

If one simply wishes to access the v and § parameters, it can be sufficient to obtain
the equation of motions of point particles in the presence of a background generated by a
spherical static matter source, as in the formalism developed by Eddington, Robertson and
Schiff [22-24]. In section 4.2 we show that one can access the v and  parameters through
the classical experiments on massive bodies, such as the measurement of the perihelion shift
of Mercury, even in the presence of small direct couplings. In fact, these experiments can be
seen as constraints on the strength of these couplings.

Finally, in section 4.3 we motivate that photon dynamics also allow to access the ~
parameter, even in the presence of direct couplings, through classical tests measuring the
time delay or deviation of light.

4.1 Direct coupling in the point-particle Lagrangian

Divergence of the stress-energy tensor in field theory. We shall see below that the
forces exerted on point particles are related to the divergence of the stress-energy tensor.
Towards this goal, as a warm up, let us briefly review a well-known identity involving
the divergence of the stress-energy tensor in field theory. For this purpose, we consider a
diffeomorphism-invariant action of the form Sy, [x(z), ¢*(x), g ()], where x(x), ¢*(x) and
guv () represent the matter fields, the gravitational scalars and the metric, respectively. Under
a generic change of coordinates x# — x* + £#, they transform as follows:

G = G =V &=V, 9" = " =100 X = x—Lex = x—§"'Vux+d", V& (4.1)

The first two transformations are imposed by the transformation properties of the metric
and the scalars while the last one is kept generic. The vanishing (up to a total derivative) of
the variation of the matter action under such a diffeomorphism leads to the usual identity
involving the divergence of the stress-energy tensor. It reads:

v _ 1 a1 1 ”
VVTM = §Ca8ug0 + §gXVHX + ivl/(d ;Lgx)v (42)

where we used the definition given in eq. (2.5) and

_2 05m (4.3)
V=g ox

When C, = 0, the right-hand side of eq. (4.2) vanishes on-shell, i.e. upon using the equation
of motion &, = 0, leading to the conservation of the stress-energy tensor. In our case, only
the last two terms vanish once we incorporate the matter equations of motion £, = 0. Hence,
the stress-energy tensor equation (4.2) reduces to:

Ex

v 1 a
VLT, = 5Cadu". (4.4)

Divergence of the point particle stress-energy tensor. Let us now derive an identity
similar to (4.2) for a point particle action of the form Sp[z/s(X), p%(x), g ()], where z/5(N)
denotes the worldline of the particle parametrized by the parameter A\, p®(z) the gravitational
scalars and g, (x) the metric. Under the infinitesimal diffeomorphism transformation * —
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x# 4 E#(x) we have, in addition to the first two transformations rules of (4.1), the following
one for the z/5(\) worldline:

2h(N) = Th(N) + E(zp (). (4.5)

Hence, the action varies under an infinitesimal diffeomorphism as

/d)\ O5p gﬂ (zp(A +/d4az\/ [ ZCoBu e 4V, TH | 1, (4.6)

By requiring the diffeomorphism invariance of the action, i.e. by setting this variation to zero
for arbitrary £#(x) parameter, one obtains the following identity

§Sp 0Hx —xzp(N)
v, TH = fcacp /d)\ . A7
[ ()\) /7_9 ( )
Upon using the equation of motion 6Sp/dz/s(\) = 0 for z/5()), we again obtain
v 1 a
VT, = S Calus” (4.8)

We can find another identity from the invariance of the action Sp[zh(N), p*(x), g ()]
under reparametrizations of the worldline parameter A — X + (()). The functions z/5(\)
transform as

2(A) = 2p(N) — CN)Eh (), (4.9)

where e’fg is defined as the first worldline derivative

x#
eh(\) = d CI;A(A). (4.10)

The action thus transforms under worldline reparametrization eq. (4.9) as

_ —/dA%e;(A)g(A). (4.11)

By requiring this expression to vanish for arbitrary ((A), one obtains

0Sp
S ()

el (\) =0, (4.12)

as an identity holding even without considering the particle equation of motion.

Variations of the point particle action. For simplicity, we now assume that the point
particle action depends on the particle position z/5(A\) only through its first derivative
elp(N) = da'h(N)/dX so that the action is invariant under a constant shift of %, ()\) and that
the corresponding equations of motion are second order. We also assume that the action
does not depend on second or higher derivatives of the gravitational scalars ¢®(x) and any
derivatives of the metric g, (x). In this case, the action is of the form

Sele N, @), g (@) = [l [ ax £(ep0), (@), 0" (), g 2)) 5" = 22 (V)
(4.13)
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so that one can easily compute its variations as follows:

s d(oe| N o, o oe o0 oe,
(Sxi,—f,()\) d\ 86';; ) Op? K ep () 8(61,90“) nv ep(N) aguu ke pv ) )
4 _
CQ(CIZ) 2 5Sp /d)\ B oL 0 (.T xp()\)) 7
V=g 0p°(x A(pup?) V=g
2 5Sp 8£ 4z —zp(N\))
(2) = \/ — 59,“, ag,uz/ g ( )

One can easily see that C, and TH” are covariant. On the other hand, it is less obvious that
8Sp/dx'n(N) is also covariant. In order to show the covariance of §Sp/da/s(N) explicitly, we
define the quantities

X (z) = g (2)0,9" ()00 (),
Yz, \) = (N0 (x), (4.15)
Z(z, ) = g (2)ep(N)ep(N),

and use them to rewrite £ as

L= LX), Y(x,)), Z(x,\), ¢" (). (4.16)
It is then straighforward to show that
5SP o 8£_ Xab

ENEAVN
32N  9Xab e dX \aya ) F lero)
L, (az) p_,0LDey  OL

(4.17)
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where the overlines denote quantities evaluated on the particle worldline, namely

X% = X%xp(N), Y =Y%xp(\),N), Z=Z@xp(\),N), @ =% zp()), (4.18)
L=L(X?PYZ,¢%. (4.19)

Finally the down index vector e; and its derivative are naturally expressed from e, of

eq. (4.10) through

!

DeP’  de?
65 = guw(rp(N))ep(N), D;\L = d—; Fp epep (4.20)

where I, are the space-time Christoffel symbols. The variation (4.17) is now manifestly
covariant.

Massive point particle. As a concrete point particle action that respects the diffeomor-
phism and reparametrization invariance, let us consider the following action with a field
dependent mass and a Lorentz-type coupling:

Sp = /d4a:/d/\{—m(<p) g“,,d;; d;; + ha(p )dd;B }54(x—xp()\))d)\, (4.21)
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where m(y) and h, () are functions of the gravitational scalars ¢ = {¢%}. This corresponds to

L= —m@V-Z + ha(@)7", (4.22)

leading to the equations of motion for 2/ ()) of the form

L D (ﬂWj):FM, (4.23)

V=ZD \ V=Z

where

al (4.24)

[8m(«p> +(8hb(@)aha(90)> v Ot

dpe dpe 08" ) \-Z
This equation is a extended version of the one obtained in [34, 35] in the case of a varying
mass only. On defining the 4-velocity u* of the particle and its acceleration Dut /DT as

zp(A)°

12 d H Du* dut =
utt = €p  aTp U E%+upuaFﬂpg’$p(T)7 dr =\ —Zd, (4.25)

_\/_72_ dr’ Dt

and using the identity (4.12), the equation of motion for 2% can be rewritten as

_, Du” v «a a
m(SO)DiT = u'yu |xp(7')a F,u = [_aam + (aahb - 8bha)u aa@b} auSO ’J?P(’T)? (4'26)

where
AW = g + utu” (4.27)

projects spacetime indices onto the spatial section orthogonal to the worldline.
On the other hand, the variation of the action with respect to ¢® gives

§*(x —zp(71))
_ _ . o b
C, = 2/d7 [ Oam + (Oghpy — Opha)u® Do } 7= ) (4.28)
Using equation (4.8) it implies that
1 §4(x — zp(7))
V' Ty = =CaOup® = /dTF A)—— 4.29
1% 9 (g N( ) \/jg ( )

By comparing eq. (4.26) or eq. (4.23) to equation (4.29), one can see that the divergence of the
stress-energy tensor is directly related to the force applied on the point particle. Put another
way, the direct couplings are responsible for forces expected to deviate the point particle from
the metric geodesics. The next subsection is devoted to the study of the consequences of
such forces.

4.2 Massive body dynamics

As we have just seen in the previous subsection, the coupling C, is related to the point particle
equation of motion. As motivated in the introduction of the current section, the constraint on
the 8 parameter coming from massive test bodies dynamics can be sketched in the simplified
Eddington-Robertson-Schiff (ERS) formalism. In this part we thus derive the massive body
particle equation of motion at this level of approximation.
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Order of the point-particle direct couplings. We start by expanding the couplings C,
appearing in the equation of motions, in the case of a point particle Lagrangian depending
on gravitating scalars as in eq. (4.21). Their expressions are given in eq. (4.28). With use
of the PPN expansion for the different background fields g,, and ¢* given from egs. (3.3)
to (3.5), (3.8) and (3.9). The couplings, and so the terms appearing in the equation of motion
eq. (4.26), are thus expanded as:

2 an b\ s(4)
Co = N/dT{—aam—l— (Buhs — Ohha) u® Do} 60 (& — 2p(r)

= = [ dr {~Oum(et) — dum(5)ch + (Guble5) — uha(6))"0uich)
x 0W (z — 2p(7)) + O(e*). (4.30)

We see that, at the lowest order, this amounts to take a coupling of the form:
2
ca:—i/aam 0Y6@ (2 — wp(r))dr + O(E2). 431
Ner (4209 ( (7)) (€%) (4.31)

When this coupling is not vanishing, one can safely ignore the Lorentz-type coupling h, in
eq. (4.21). Nevertheless, when this dominant coupling vanishes, namely for non-varying mass
0am = 0, the Lorentz-type couplings provides the leading contribution to C,.

We could expand the point particle coupling obtained above in the same way as for the
source, given by eq. (3.15). In the point particle case at the lowest order, it simply reads

2

[
V=

Amét(z — xzp(7)) dr + O(%), (4.32)
with the trivial identification

& = —25% + O(e?), (4.33)
where we defined the “sensitivity” in a way similar to [34]:

Sa = O Inm(gp). (4.34)

Equation of dynamics. At the lowest non-trivial PPN order, the point particle equation
of motion of eq. (4.26) reduces to:

d2x’1ﬁ LT dz% d:c']og
dr? 9 dr dr

= — [8Vg0aaa Inm + 0(64)} Vuu‘xp(‘r)
= =2s0%p0 U+ O()| 7 o), (4.35)

where in the last line we expanded the scalars according to eq. (3.8). The time component of
eq. (4.35) reads:

G depd

dat, dt
g2 Top g g = ~28a%ee U, P 1 O(e*), (4.36)

I dr dr
where y#, has projected out the seemingly leading term containing U-°. To study the spatial
components of eq. (4.35) we can switch from 7 derivatives to t derivatives by decomposing

PPz dalp dt* | dPal (dt)2 (4.37)
dr?2  dt dr? 4?2 \dr) ’ '
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Hence we obtain the following equality:

. a P . «Q 7
_pi WRATy o (U” v, By )

P dr dr Y dr dr
deis (o da% daf, dat, dt\ Pzl (dt>2
= -T “P 2yl L -, 4.38
dt ( wdr dr e g ) T A \ar (4.38)

2
which after multiplying by (‘é—;) simplifies to

dx’s : o drls\ dzh dah C(dt\?
re o —=p P 95 U — O(e3). 4.39
e +< o0 " Yo ar ) Tar dt e (dT) +0(€) (4.39)

We see that this is the leading term responsible for deviation from geodesic motion. As we
comment later, this deviation nevertheless happens already at Newtonian order. Using the
expressions given in appendix A.3 for the Christoffel symbols, where we put the ®;, V;, W;
potentials to zero as shall be the case in the ERS formalism, we obtain the following corrected
massive particle equation of motion:

A%zt . =
deP =U; (1 - 28a%pa> + U 0% +2(y + B)UU + 20 (1 + )7 - VU + O(e®).  (4.40)

As explained in the intermediate steps above, in the final result eq. (4.40) we only kept the
leading order for the terms related to the direct couplings. These terms appear at Newtonian
order, hence modifying the Newton laws of dynamics. This is not a surprise, and the above
equation can be used to constrain the values of the direct coupling. Indeed, as it is independent
of the velocity of the test body ¥, it should satisfy s,7,0 < v? for typical velocities of test
bodies in our solar system, otherwise it would be directly observable (and ruled out) by
comparing the motion of various planets. In fact, if not small enough, such couplings to
scalars (axions) should also be detectable by experiments on Earth.

Lorentz-type coupling. When the probe particle mass does not depend on the scalar
fields, i.e. for vanishing sensitivity (4.34), one should consider a coupling of the Lorentz-type
form. This is the second term of eq. (4.21), and its € expansion is given in the second line
of eq. (4.30). As it contains u®d, 9, it is of order €. Hence this type of coupling does not
play a role at the first PPN level of approximation, and the dynamics will thus be described
by eq. (4.40) taking s, = 0, which are the standard PPN equations of motion without the
direct couplings.

4.3 Photons dynamics and experiments on light rays

In this subsection, complementary to the previous ones, we study the dynamics of a massless
relativistic particle. We study test photons dynamics and choose a particular case for the
direct coupling of the gravitating scalars to photons. We indeed consider the simplest kind
of direct couplings of photons with an axionic gravitating field a(x*), which is expressed as
follows

ﬁﬁm_a = iCQ 7&(1‘“) F“VFMV(ZL’M). (441)
We defined the dual electromagnetic tensor F* = i/(2,/—g)e"**PF,5, the fine structure
constant « and the axion decay constant f,. The C* functions can in principle be extracted

1 «
a
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from the above Lagrangian and the one describing the coupling of the axion to the electrons
and nucleons constituting the matter sources. This would require a complete description of
the source from the microscopic scales up to the macroscopic scales and would thus be beyond
the scope of the present work. In this subsection we shall simply show that the coupling
eq. (4.41) does not change the standard PPN constraints from test photons.

The equations of motion derived from the lagrangian (4.41) are the modified Maxwell

equations:

10Cy ~ acy eHVP
V,FW = —Z2F"V 4= —-——="—-F,,V,a. 4.42
Y fa Y fa \/jg pemy ( )

In the presence of a (static) axion source, this term is not vanishing and is proportional to
the gradient of the axion profile. According to (3.8), the axion field is given by

a(z”) = ag 4 27,U (z") + O(eh). (4.43)

When considered together with the Lorenz gauge condition V,A* = 0 and the definition
F., =V,A, —V,A,, the above field equation is written as
acy VP

——V, AV ,a, 4.44

Ju g MY (444
where R, is the space-time Ricci curvature. Far from the source, the space-time geometry
characteristic length L, is very large compared to the wavelengths A of typical detectable
photons, i.e. Ly > . If we furthermore assume that the wave-packet characteristic length L,
is large in front of the wavelength A, we can use the WKB approximation to solve eq. (4.44).
Namely, we decompose the gauge potential as

A, = Aue® = Ae e, A=./-ArA,, e'e, =—1, (4.45)

and suppose that the various quantities vary as:

VAV, AY + R AN = —

Fu=0u0 ~ A Vik~ (ALw)
A, ~ O(1), VoA ~ Ly, (4.46)
Va ~ Lgfl.

The length scale L, can be extracted from the Riemann curvature tensor and is typically of
order Ly ~ er®/?/\/GM, where r is the distance between the matter source and the place
where the photons propagate. The Riemann curvature could in general be extracted from
the PPN metric, but as long as the PPN parameters stay small, the length L, is close to its
general relativity value. Hence, the dominant contribution in A~! in the WKB approximation
of eq. (4.44) is simply:

— KMk, AY =0, O(\7?), (4.47)

which leads to k#k, = 0 and to the standard geodesic equation k#V,k, = 0 for photons. The
Lorenz gauge condition also leads to:
ky AV =0, O(Ah), (4.48)
showing that the gauge potential is orthogonal to the direction of propagation. On the other
hand, the second dominant contribution in the WKB approximation of eq. (4.44) reads:
2

AUV EY 4 2KV AY +
TV

Agk,Vaae'®® =0, O\ (4.49)
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It can be solved by:
2

'V, =0,  e'Va(A%kY) = — P A2egk, V ya. (4.50)
We see that in the WKB approximation, test photons follow geodesics of the PPN metric
but their polarization and amplitude are sensitive to the presence of the axionic background.
This last aspect is at the center of axion searches through direct conversion or change in
polarization of light in the presence of magnetic fields [36-38]. On the other hand, as the
photons follow the PPN metric, classical experiments measuring deviation or time delays of
light will directly probe the PPN metric and give access to the v parameter [14, 32, 39].

5 Conclusions

In this work, we studied the implications of adding direct couplings between gravitating
scalar fields and matter, on top of the universal coupling to the metric, in multi-scalar tensor
theories of gravity. Such direct couplings are expected to have direct effects since they modify
the way space-time geometry is influenced by a localized matter source. This observation
motivated the study of the weak gravity quasi-static regime of such theories, which is the
relevant regime to describe solar-system tests of gravity. A central question addressed in this
work was related to the possibility of screening cosmologically active scalars through their
direct couplings to matter. Such screening would have made their presence undetectable in
solar systems experiments.

In the weak gravity quasi-static regime, theories of gravity can be compared with each
other through the parametrized post-Newtonian formalism. We used this formalism and
computed the complete expression for the ten PPN parameters in multi-scalar theories
of gravity with direct couplings. The expressions we derived allow to evaluate the PPN
parameters for the considered class of scalar-tensor theories of gravity. The latter are theories
including several massless gravitating scalars with a curved scalar target-space and coupled
non-universally to the matter sector. We showed that the (3 and (4 PPN parameters are
indeed modified by the presence of the direct couplings, even after eliminating the direct
couplings of the gravitating scalars to the energy density (¢* in (3.15)) of the source by
redefinition of the Jordan frame. On the other hand, all other PPN parameters including
B and v are the same as the ones obtained in the same multi-scalar theory without direct
couplings, provided that the Jordan frame is properly identified. This conclusion seems to
go against the screening mechanism through direct couplings invoked by recent works in
the literature.

We then studied if such couplings, even small, would change the classical tests of
gravity in the weak-field regime, by modifications in the way probes would move on the PPN
background. To make our arguments as general as possible, we did not assume a priori that
the direct couplings are the same for the probe and the source of gravity. Therefore the
coefficient ¢® in the expansion (3.15) of the direct couplings may remain non-vanishing for
the probe even after setting ¢* = 0 for the source by redefinition of the Jordan frame. As
expected, direct couplings for the probe are responsible for additional direct forces on top
of the gravitational force mediated through the space-time geometry. Hence, large direct
couplings would be directly observable and would be ruled out. We supported this intuition
by studying the dynamics of a massive point particle directly coupled to gravitating scalars,
in presence of metric and scalar backgrounds generated by a PN matter source. For the point
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particle couplings under considerations, we deduced that if the couplings are small enough not
to perturb the Newtonian order, test particles will follow the PPN metric geodesics, giving
access to the v and S PPN parameters of the theory. The classical constraints will thus apply
identically to theories with or without direct couplings, as far as the direct couplings of the
probe do not spoil the success of Newton gravity in its regime of applicability. Experiments
involving photons in the regime of validity of the WKB approximation would also give access
to the v parameter, as in the standard PPN formalism.

Possible extensions of this work would include the complete study in the PPN formalism
of the two-body system, made of a PN source (Sun) and a massive probe (a planet), in theories
with direct couplings. This should include the study of (non-)conservation laws for the different
PN quantities (densities, momentum...) for the massive bodies, used when integrated the
fluid equations of motion in the interior of massive bodies. Although technically involved,
the procedure is well defined. The result would allow to give quantitative predictions for the
results of solar system experiments such as the measure of the perihelion shift of Mercury.

Acknowledgments

This article is based upon work from COST Action COSMIC WISPers CA21106, supported
by COST (European Cooperation in Science and Technology). The work of OL was supported
in part by Japan Society for the Promotion of Science Grant-in-Aid for Scientific Research
No. 17H06359. The work of SM was supported in part by Japan Society for the Promotion
of Science Grants-in-Aid for Scientific Research No. 17H02890, No. 17H06359, and by World
Premier International Research Center Initiative, MEXT, Japan.

A Notations and identities for multi-scalar gravity and PPN formalism

A.1 Scalar target-space functions

The multi-scalar theory considered in this paper is based on the action (2.1). To give an
explicit expression of the gravitating sector, one should specify the non-minimal coupling
function F'(¢®) and the target-space metric G,p(¢°). As shown in the main body of the paper,
the field equations and their PN expansions are easily expressed in terms of the following
functions:

1
gc = §gad(abgcd + 0cgbd - 6dgbc)) Fa = aaF> Fab = 8(10be (Al)
a Fan a a Fe a a B¢
Ab = ja = BFy, = F, Cbc = Fbc + T(ch + 3Fb€)7 (Az)
Foy = VoFy = VodyF = Foy — T%,F.. (A.3)

One can use different sets of variables, such as the one naturally appearing when studying the
Lagrangian {F, Fy, Fap, Gap, I'fl. }, or the one related to the expansions of the field equations
{F, Bq, A}, Fap, Gap, C}..}, or yet the naturally target-space covariant one {Bg, F,, Fob, Gab, et
These sets are only used for convenience and do not constitute bases of target-space functions.
We give a couple of examples of relations used to go from one set to another:

BcB¢

B°F30.B% + B°BF,q = — (F.Fy — 2FF.y), (A.4)

2B°BF,C%, = B°BF,4(3B°F, + 1) — B°F,0.B*
cRd

B -
= B°BYF,4(3B°F. 4+ 2) + (F.Fy — 2FF.). (A.5)
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A.2 Parametrized post-Newtonian functionals

In terms of the source rest-mass density p, the Newtonian potential is given by

A6
|7 — 2| (A-6)
The post-Newtonian functionals and potentials are defined as follows:
_ [pui@t) 5 pu(Z — &) (@ =a)i 3
V;;: ﬁd .CU,, / f _,/’3 d .’L'/, (A?)
= 7" 77
d t —»// r— ( r— >d3 /d3 // A8
W= /,O ! ’f —'/‘3 E _x//’ ’f 7| ( )
2
t U t 11 t)
(bl :/IO,U_)(:E_:I)dSzL‘/7 @2 — Wd3$/’ @3 — 10 _’(m_’/ dS / / - _’/
77| 77| 77| 17— |
p(@.1) [ 1) (7)) o t a7
= &Po', B= / 77 B’ A9
i—i? ’ (F-2'): dt —(@'1) (A.9)
By using the Newtonian order Euler continuity equation
0 -
P ¥ pv) =0, (A.10)
ot
leading to the relation
0 -
o / o(@ 1) f (7, 7)dPe = / pE(F 1) - V(& &), (A11)

one obtains, in addition to the standard Poisson equation for the Newtonian potential

V32U = —4np, (A.12)
the following useful relations:
aV; ou
21, , i
V4V, = —4rmpv;, e (A.13)
V20 = —dnpv?, V2@, = —4ArpU, V?®; = —4rpll, V2®y = —4np. (A.14)

In the intermediate steps, one often uses the additional functionals,

= t . YA U
x= - [o@ e -2, vy= [ P, B)@ ~ 2 )ile = 2)j (A.15)
|z — 2|3
satisfying the following relations
X,ij = —0uU +Ujk,  x00=Vi—=Wi,  xo00=A+B— 1. (A.16)
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A.3 Christoffels symbols for the PPN metric

The Christoffel symbols for the metric in the standard PPN gauge, in the specific case where
E=a1 =as=a3 =a4 = (1 =0, take the following forms:

I =-Uo,  To=-Us, (A.17)
3 1
0
Fij = ’Y(SijU,O + (2’)’ + 2) ‘/(Lj) + EW(i’j) , (A_18)
0; =000 — (2v + 2)Vi 11, (A.19)
i =7 045Uk + 6ikU j — 651U ), (A.20)
; 0 9 0 3 1
o0 =—Ui+ O [(5 +NU” - q;} T [(27 + 2) Vi+ 2Wi:| ; (A.21)
where here @ is defined as the combination
P=(y+1)01+ 3y —28+1+ )P+ (1+ ()3 + 3(y + (1) Pa. (A.22)
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