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Post-Newtonian parameter y for multiscalar-tensor gravity
with a general potential
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We compute the parametrized post-Newtonian parameter y in the case of a static point source for
multiscalar-tensor gravity with completely general nonderivative couplings and potential in the Jordan
frame. Similarly to the single massive field case y depends exponentially on the distance from the source
and is determined by the length of a vector of nonminimal coupling in the space of scalar fields and its
orientation relative to the mass eigenvectors. Using data from the Cassini tracking experiment, we estimate
bounds on a general theory with two scalar fields. Our formalism can be utilized for a wide range of models,
which we illustrate by applying it to nonminimally coupled Higgs SU(2) doublet, general hybrid metric-
Palatini gravity, linear ((0-!) and quadratic ((J=2) nonlocal gravity.
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I. INTRODUCTION

Multiscalar-tensor gravity (MSTG) generalizes the
scalar-tensor gravity (STG) of a scalar field ¢ nonmini-
mally coupled to curvature R, to the case of multiple scalar
fields ®* [1,2]. Nonminimal couplings are typically gen-
erated by quantum corrections and arise in the effective
models of higher dimensional theories. Diverse versions of
MSTG appear in fundamental physics and cosmology in
various constructions and under different disguises.

First, there are several phenomenological motivations to
consider nonminimally coupled scalars. The Standard
Model Higgs field is an SU(2) complex doublet, in the
case it is endowed with a nonminimal coupling to curvature
also the Goldstone modes may play a role in Higgs inflation
[3] and the subsequent dark energy era [4]. Otherwise a
nonminimal Higgs may be paired with another nonminimal
scalar (e.g. a dilaton) [5], or the inflation and dark energy
could be run by two nonminimally coupled scalars [6].
More general MSTG inflation or dark energy models have
N fields with noncanonical kinetic terms and arbitrary
potential [1,7-10] (also considered for stellar models [11]),
or are embedded into a supergravity setup [12]. The most
general multiscalar-tensor gravitational action with second
order field equations includes derivative couplings and is a
generalization of Horndeski’s class of theories, so far
worked out for the two fields case [13].

Second, different proposed extensions and modifications
of general relativity can be also cast into the form of MSTG by
achange of variables. Itis well known that, if the gravitational
Lagrangian is nonlinear in curvature, f(R), or more generally
f(®%, R), the theory is dynamically equivalent to (M)STG
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with the potential depending on the form of the function f
[14-16]. Likewise we get a MSTG when the original
Lagrangian is a more complicated function of multiple
arguments of R, (IR, V,RV¥R, Gauss-Bonnet topological
term, or Weyl tensor squared [ 17], as each such argument can
contribute a scalar nonminimally coupled to R. (A function of
arbitrary curvature invariants can be also turned into scalars,
but the tensor part will not generally reduce to linear R alone
[18].) If the metric and connection are treated as independent
variables, defining curvature scalars R and ‘R, the resulting
general hybrid metric-Palatini f(R, R) gravity is equivalent
to MSTG with two scalars [19]. A related construction called
C-theory which continuously interpolates between metric and
Palatini gravities, also possesses a biscalar-tensor represen-
tation [20]. In case the Lagrangian is a function of higher
derivatives of the curvature, f(R, [J'R), each such argument
can be converted to a nonmimimal scalar in MSTG [21].
Moreover, a Lagrangian of nonlocal gravity, characterized by
derivatives in the inverse powers, f(R,J~'R), can be made
local by again introducing auxiliary scalar fields nonmini-
mally coupled to R [22,23].

The parametrized post-Newtonian (PPN) formalism is
designed to describe slow motions in weak gravitational
fields [24], and can be utilized to confront the theory with
high precision measurements in e.g. the Solar System. The
original STG computation by Nordtvedt [25], which
assumed that the potential (mass) of the scalar field
vanishes, has been generalized to studies of higher order
effects [26] and for models with altered kinetic term or
extra scalar-matter couplings [27]. An important lesson
learned in the STG case is that making the scalar field
massive by the inclusion of the potential modifies the PPN
parameters [28-31], so that the theory becomes viable in a
much larger domain (cf. also Refs. [32,33]). This has been
especially relevant for understanding the PPN behavior of
f(R) gravity [34], equivalent to a subclass of STG. Of
course, a similar effect is also present in the generalized
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STG or Horndeski theory [35]. Curiously enough, in
teleparallel theories where the scalar field is nonminimally
coupled to torsion, the PPN parameters coincide with the
ones of general relativity [36] unless a boundary term is
introduced to the action [37].

In the pioneering MSTG paper Damour and Esposito-
Farese derived the PPN parameters in the Einstein frame
and assuming the potential vanishes [1]. The effect of the
potential was also not considered in the Jordan frame
computation for the constant diagonal kinetic term [2] and
more recently for a generic kinetic term [38]. These results
were generalized to arbitrary frame and scalar field para-
metrization by using the formalism of invariants [10]. The
PPN parameters for C-theory have been determined by
relying on the correspondence with a subclass of MSTG in
the massless (vanishing potential) limit [39], while the PPN
parameter y for specific nonlocal gravity models has been
found using the biscalar representation [40] as well as
independently of MSTG [41].

The purpose of this paper is to calculate the PPN
parameter y for a Jordan frame MSTG with generic kinetic
terms and arbitrary potential (but without derivative cou-
plings). In Sec. II we recall the Jordan frame MSTG action
in different parametrizations. In the process we define a
covariant metric on the space of scalar fields and the vector
of nonminimal coupling, these allow us to clarify the
invariant notion of ghosts and the meaning of nonminimal
coupling. Next in Sec. IIl we carry out the PPN compu-
tation for a point mass source and find that the effective
gravitational constant as well as the PPN parameter y in
general depend on the distance from the source. Section IV
uncovers the geometric picture underlying this result in
terms of the eigenvectors of the mass matrix. Section V
draws rough experimental bounds on the two scalars case
from the Cassini tracking experiment. Section VI illustrates
how to apply our formalism for various interesting exam-
ples of MSTG: nonminimally coupled Higgs SU(2) dou-
blet, general hybrid metric-Palatini gravity, linear ((J7')
nonlocal gravity, and quadratic (C1-2) nonlocal gravity. The
last section, VII, provides a summary and outlook.

Some more technical calculations are given in the
appendices. Appendix A discusses when the mass matrix
can be diagonalized. Appendix B deals with the boundary
value problem and the determination of integration con-
stants. Appendix C addresses the cases when the mass
matrix cannot be brought into diagonal form and there are
higher dimensional Jordan blocks.

II. JORDAN FRAME ACTION FUNCTIONAL FOR
N FIELDS IN DIFFERENT PARAMETRIZATIONS

We start our discussion of multiscalar-tensor gravity with
a brief review of its action functional and field equations in
the Jordan frame. In Sec. II A, we consider a general
parametrization of the scalars, while in Sec. II B we present
the special case of a Brans-Dicke-like parametrization.
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A. General parametrization
The general form of the multiscalar-tensor gravity action
in the Jordan frame with N scalar fields ®* can be written as
[2,9,38]

S d*x/=G(FR = Z,pg"0,90,8 — 2U)

~ 22
+ Sl G X)- (1)

Here the indices a,f,y,... = 1,2,..., N label the scalar
fields, the indices u,v,...=0, 1, 2, 3 belong to the
spacetime coordinates, while i, j, ... = 1, 2, 3 are reserved
for the spatial coordinates in the calculations later. The
function F = F(®!,®%,...,®") > 0 describes the non-
minimal coupling between the scalars and curvature,
making the effective gravitational constant field dependent.
The functions Z,5 = Z,45(®", 2, ...,®") characterize
the kinetic terms of the scalar fields, while U =
U(D', @2, ..., V) denotes the scalar potential. In the
Jordan frame the action S,,[g,,.x,,] for the matter fields
Xm involves only the metric g,, and not the scalars ®“.
Making a scalar fields dependent conformal rescaling of the
metric will present the theory in a different frame where the
matter action S,, would contain the scalars as well.
Likewise we can also reparametrize the scalar fields,
changing the form of the functions F, Z,4, U and possibly
recasting the theory into a form more amenable for
computations and physical interpretation. We have adopted
a system of units where the speed of light and Planck’s
constant are set to equal one, ¢ = h = 1. The constant g
can be interpreted as a bare Newtonian gravitational
constant, while effectively the strength of gravity is
modified by the function F.

The variation of the action (1) with respect to the metric
gives a generalization of the Finstein’s equation,

1
]—"(RW - EgWR> +9,0F-V,V,F

1
+§gﬂbzaﬂvp<1) qu)ﬂ - Zaﬂvﬂq> Vy@ﬂ

+ K2 g, U = K2T,%), (2)

while the variation with respect of the scalar fields and
eliminating the R term by using the trace of Eq. (2) yields
equations for the scalar fields,
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The energy-momentum tensor of matter fields y is defined by

TH = @
V—969"

It is well known that in the theories where the scalars are
minimally coupled to gravity, the matrix Z,; can be
interpreted as a metric for the space of scalar fields, it
transforms as a second rank covariant tensor under the
redefinitions of the scalar fields. However, when the scalars
are nonminimally coupled to curvature, the matrix

F 1 oOF 87—")

(5)
is a natural candidate for the role of the metric of the space
spanned by the scalar fields. It transforms covariantly not
only under the redefinitions of the scalar fields, but also
under the conformal rescalings of the spacetime metric
[10]. For instance we can use it to define a scalar product of
quantities which are vectors in the space of scalar fields.

In a well-behaving theory the eigenvalues of F 4 are
positive, while a negative eigenvalue signals the presence
of a ghost among the scalars. The latter becomes quite
apparent when we make a conformal transformation into
the Einstein frame where the metric and scalar variables of
gravitation are more clearly separated. In the Einstein frame
F =1and F 4 reduces to %Zaﬁ which is the factor in front
of the scalar kinetic terms. Therefore its negative eigen-
value implies a “wrong” sign kinetic term for one of the
scalar degrees of freedom [8,23].

A zero eigenvalue of F; tells that one of the scalar
degrees of freedom is nondynamical (like wgp = —% for a
single field Brans-Dicke case). In this case the equations of
motion allow one of the fields to be expressed in terms of
the other fields, and by inserting this relation into the action
we can integrate the nondynamical field away (see e.g.
Ref. [39]). Note that zero eigenvalue implies that the metric
F 4p 1s not invertible and the computation scheme devel-
oped in the current paper does not go through.

We assume the matrix F,; has an inverse F7%7, ie.
FopFPr = 8l and det(F ,5) # 0. Then we may multiply the
scalar field equations (3) with F7* from the left, to establish

= (2FZ, 43—
aff 4f2<f a/}+ aq)aaq)ﬁ

O = & — KrTW, (6)

where the kinetic and potential terms are collected into

3 OF O*F
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and the influence of matter energy-momentum is
mediated by

oOF
0P

o e L OF

1
i N

47 ®)

We may call the object with components K7 a vector
of nonminimal coupling since it is constructed from the
derivatives of the nonminimal coupling function F and
it transforms as a vector under the scalar field redefi-
nitions. In MSTG the gravitational interaction is medi-
ated by the metric and the nonminimal scalars: the
dynamical equation for the metric (2) is sourced by the
energy-momentum tensor of the matter fields, Tfff),
while the dynamics of the scalars (6) is sourced by
the trace of the matter energy-momentum, 7W. If IC,
has a zero component then in this particular paramet-
rization of the scalar fields the respective ®“ field is not
directly coupled to the curvature. Analogously, if X7 has
a zero component, the field ®” is not sourced by the
matter. However, through the interactions between the
scalars as encoded in the potential and kinetic terms of
the action all scalars will still be indirectly coupled to
curvature and matter in general. Only if all components
of the vector of nonminimal coupling are identically
zero, can we deem that the scalars as a collection are
minimally coupled. For theories with positive definite
metric F,; on the space of the scalar fields, if the length
of the nonminimal coupling vector,

[P = F KK, ©)

vanishes, then the scalars are minimally coupled. The
latter statement is frame and parametrization indepen-
dent since the combination (9) remains invariant under
the redefinitions of the scalar fields as well as under the
rescalings of the spacetime metric [10].

B. Brans-Dicke-like parametrization

For a more straightforward physical interpretation of
the theory it is convenient to redefine the scalar fields
O = P(p!, P?, ..., "N, V) by setting [9,38]

U= F (3!, 02, ..., V). (10)

This reshuffles the scalars so that the covector of non-
minimal coupling X, has only one nonzero component, i.e.
it is aligned along the N'th axis (W direction) in the space of
the scalar fields. Taking into account that
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where a,b, ... =1,2,...,N — 1 label the scalar fields ¢.
In general there are all together N scalar redefinitions

a PP
=Zy <a;{)ua;{)bap¢aaﬂ¢b (relations between the old and new set of scalar fields) at
I ¢ our disposal, one of these has been already employed as
0D 0P’ 0P OPF (10). Let us use the remaining N — 1 conditions to
- 7 aqp 7 = Y :
+28¢” 50 0,9 0"V + 9 U 0,90 \I/>, (11) impose
let us denote in this parametrization Zun (@' % o N W) = 0. (13)
OP* OPF
Zap = Zap @W We may also denote
0P* 0P
ZuN:Za/)'_a_v (1)¢1,¢2,...,¢N_1,‘11
Op? OV Zyn = ( T ) ) (14)
7 0D OP#
NN = Zaf A7 Ao
. Nl 18\11 28\11 N After such redefinitions all but one of the vector
U@ ¢ ....0" " 0) =U(D, 27, ..., 2Y), (12) components K% vanish, and the action (1) reads
|
1 0]
S = ?/ d*x\/—g <‘11R - Zabapgb“a”gbb - 68/)\1/8/’\1! - 2K2U> + S, [g,,,,,)(m], (15)
looking akin to the Brans-Dicke theory. However note that the functions depend on all scalar fields: @ = a)(cpl, ..., ),

Zap = Zap (@', ?, ..., W), U=U(¢',¢?, ..., V). The scalar field U has been singled out as a variable part of the
gravitational constant. The field equations corresponding to the action (15) are

1 1 1 o
v <Ruv - g,,,,R) + 9,0V -V, V, ¥ + Egﬂ,,Zaprgb“Vpd)b + 59w @VP\I/VP\IJ

— Z VoV, - %vﬂxpvuqf + K2, U = k2T, (16)

2
and
0Z,,
(2w+3)D\11_<x11 -
10Zyy  0Zge
7 Ob* = = ab ac aqp pb
O = (5= S o pr g +

It is clear that only the U field is directly sourced by the
matter now.

III. COMPUTING THE PPN PARAMETER ¥y
FOR N FIELDS

We now discuss the PPN limit of the class of
multiscalar-tensor theories introduced in the previous
section. We start with a brief review of the PPN
formalism for a single point mass source in the context
of MSTG in Sec. IIT A. Then we calculate the PPN limit
starting with the zeroth velocity order in Sec. I B,
followed by the second velocity orders of the scalar

OJw 0z, ou
[ ) — ac afp 2
Z\Il&pcap\I!@\Il 50 L, O’V + K

ou 1

Jw OJw
_ aqgppb _ 27 YA\, Yt AP\ — 2x2 = __7W
Zab>8p¢ ’¢ 6\116”\1}8 v 28¢“ 0,90’V — 2k <2U \116\1/ 2T > (17)

R (18)

|

field in Sec. III C, the temporal metric component in
Sec. IIID and its spatial components in Sec. IIIE.
Section III F confirms that in the case of a single scalar
field we reobtain the previously derived result.

A. Post-Newtonian approximation

The PPN formalism has been developed to extract
standardized  information—the @ PPN  parameters—
characteristic of the slow motion weak field regime of
metric gravity theories. We follow the customary PPN
calculation procedure [24].

Matter is modeled by a perfect fluid whose stress-energy
tensor is given by
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" = (p + pIl + p)u'u” + pg". (19)

Here p is the rest energy density, IT is the specific internal
energy, p is the pressure and u” is the four-velocity of
matter. The gravitational field is assumed to be quasistatic,
so that changes are only induced by the motion of the
source matter. The orders of magnitude are ascribed to all
quantities relative to the velocity v = u’/u® of the source
matter, which is taken to be a first order small quantity:
poxIl o p/p v x O(2). Time derivatives of the metric
components and the scalars are weighted with an additional
velocity order O(1). Later in the calculation we specify the
matter source to be a point mass M, residing at the origin of
spatial coordinates, p = My6(r).

The spacetime metric is taken to be a perturbed
Minkowski metric g, = n,, + h,,. Only the metric com-
ponents of order O(2), written as

(2)
ho = 2GefoN<r ) (20)

)

h; = 2GeyUn(r)d (21)

ijs

are relevant for the calculation of the PPN parameter y. Here
G is the effective gravitational constant and Uy(r) = 2o

-
is the Newtonian gravitational potential which depends on
the distance from the source point mass.

The temporal and spatial components of the Ricci tensor
can be computed from their definition using the perturbed

metric. Up to order O(2) they are

1 2(2)
Ry = _Ev h g0, (22)
1,® 1@ (2) @)
Ri.i:—iv hij+§(hoo,ij— weij 2 hiiki).  (23)

On the other hand, the equation of motion for the metric (2)
can be trace reversed to express the Ricci tensor compo-
nents as

1 1
R, = F |:K'2 <Tﬂy - Egm,T> + k* g, U + g, O0F

1
- Eg;vavp}— +V,V,F + zaﬁvﬂ@avvqﬁ . (24)

Equating the respective components of Egs. (22) and (23)
with those of (24), and solving for the metric components
(20) and (21) is at the heart of the PPN y calculation.

All scalar fields are considered to be perturbed around
their constant cosmological background values,

(0) (2)
D) = B 4 P A (xH). (25)
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2
In the asymptotic limit ® ¢|,_, , = 0. The functions of the
scalar fields are expanded in a Taylor series with the
coefficients assumed to be of order O(0).

B. 0" order approximation

In the lowest order of magnitude ((0), the background is
Minkowski space empty of matter and the scalars are
constant. The field equation for the metric (24) reduces to

Kznm,bﬂo =0. (26)

Thus the asymptotic background value of the potential
must be negligible (which is consistent with the situation in
e.g. the Solar System),

U, =0. (27)

Similarly, the scalar fields’” equations (3) or (6) in the lowest
order of magnitude become

oF ou
2@ Ou|o = f\o@ K (28)
leading to
ou
537, = (29)

if we assume F = F|, # 0 (the gravitational constant at
the cosmological background is not infinite).

C. Scalar fields at 2" order

The next step is to expand the scalar equations (6) in
Taylor series up to the order of magnitude O(2). Time
derivatives and squares of spatial derivatives drop out,
while the conditions (27), (29) simplify the result to

Xe) @)
V2O = M7, D7+ Kp, (30)

where the vector of nonminimal coupling (8) is taken at the
asymptotic background,

k' = K7y, (31)

and the components of the “mass matrix” are

K> U ] (32)
0

M = | —FrF —
“ [25’-' OPP P

It is easier to integrate Eq. (30) when the mass matrix is
turned into its Jordan normal form, J® ) =
(P‘l)(/}>),MV,1P”(5). Here the similarity matrix P is con-
structed from the components of the eigenvectors or
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generalized eigenvectors of the mass matrix. In general, the
eigenvalues of the mass matrix can be complex and the
Jordan normal form consists of Jordan blocks of the size
that depends on the difference between the algebraic and
geometric multiplicity of the respective eigenvalue.
However, as discussed in the next Sec. IV, in the physically
most well-behaved case when the background metric of the
space of scalar fields, F7”|), is positive definite (hence
there are no ghosts), and the Hessian of the potential,

% 0- 1s positive semidefinite (hence the field configu-
ration is not unstable), the mass matrix M will have
non-negative eigenvalues m[za] with equal algebraic and

geometric multiplicity. In this case J is a diagonal matrix of
the eigenvalues m[z(s], while the similarity matrix element
P% s is the ath component of the dth eigenvector, v (5. The
question of when the mass matrix can be diagonalized is
discussed further in Appendix A, and the generic case with
nontrivial Jordan blocks is treated in Appendix C.

Here let us proceed with the assumption that J is
diagonal with non-negative entries. Since the matrices
M, P, and J are constant, we can write Eq. (30) as

(2) )
VZ(p—l)(/i)yq) 7 — J(ﬁ')(y)(P_l)(Y)a(I) ay (P—l)(ﬂ)ykyp.

(33)
In essence we have made a transformation in the scalar
fields space from a generic basis into a basis given by the
mass matrix eigenvectors, indices in brackets enumerate

components in the mass eigenbasis. In the new diagonal
basis

(OXS (34)
B e
PP — (P 1)(/)’)7/(( (35)

the equation for the scalar fields assumes the generic form
of a screened Poisson equation

)

—

2

—

V26— &) = k), (36)
since J#) () = mz[ﬁ]égf )) Here the square brackets denote

that the lower index (5 comes in pair with upper #) and
there is no summation. Equation (36) is solved by

2
b0 _ / By

Substituting a point mass M, at the origin for the matter
density distribution p allows us to express the solution as

el

W, 37
4zlr — 1| r (37)
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&® — Mo wyrpn) (38)
r

The integration constants have been fixed by demanding
@)

that @ (%) vanish at spatial infinity and the source matches

the surrounding field (fulfills Gauss’ theorem, see

Appendix B). To obtain the solutions for the original scalar

fields we have to transform back,

) @)

a a MO
par—p (ﬁ)q)(/f) -0

o P% E® ) ( p-! ) (9)

H(39)

where the radius dependence is encoded in the matrix

EW) 5 = (e—\/?r)U’) = e ) . (40)
As laid out systematically in Appendices B and C the basic
form of the solution (39) also holds in the general case of
arbitrary eigenvalues of the mass matrix, while the matrix
(40) is not necessarily diagonal, but gets adjusted to
encompass complex eigenvalues and higher dimensional

Jordan blocks (C39).

D. Metric perturbation iy, and G

The equation for the temporal components of the
spacetime metric is obtained from Eq. (24) by Taylor
expanding up to the second order and taking into account
Eq. (22) as well as the other relevant conditions from
Secs. III A and III B. The result is

) 1 0F| @ ) K>
h oo — o) =——p. 41
( 00 ) 7 (41)
@)

We should also substitute in the ¢ solution (39) and keep in
mind that the matter density p is given by a point mass M|, at
the origin. The solution for the components of the metric is

Fo 00"

e My (, OF
00 = K™ =35
drrF 0P

F “»EV )<a>(P‘1>(‘”yky>- (42)

By comparing with Eq. (20) we can read off the effective
gravitational constant as

K2

Gefr Zm(l —T(r)), (43)

where the deviation from the background value,

1 [0F OF

F(}") = —4—]:_(2) a(I)aP (ﬂ)E(m((g)(P_l)(ﬁ)},ny 9D . (443)
4F}
=— 70 [k, P? (5 EP) (5 (P10 K], (44b)
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is expressed by using the definition of the vector of non-
minimal coupling, Eq. (8).

E. Metric perturbation h; and the PPN parameter y

The equation for the spatial components of the spacetime
metric is likewise obtained from Eq. (24) by Taylor
expanding up to the second order and taking into account
Eq. (23) along with the other relevant conditions from
Secs. III A and III B. Imposing also the gauge conditions

12 12 )

1 OF
3 hooij ) Mk + ik =

%)“ 45
Foowel, i )

WL

simplifies the resulting equation to

@ 1 . OF
V2| h; O;
( ij += f() ij aq)a

K2
<I)” =——20;,p. (46
> ]_—0 ijP ( )

@)
Substituting in the ¢ solution (39) and a point mass source
leads to the solution

5= L (1+1(r)). (47)

Comparison with the definitions (21) and (43) allows us to
deduce the PPN parameter y to be

1+T(r)
“Tor0) (48)

Deviation from the general relativity value y = 1 is set
by a rather complicated term (44) that involves the scalar
field masses as well as nonminimal coupling. If the masses
are zero the dependence on the distance drops out, but the
deviation term I" will only disappear in the limit when the
(length of the) vector of nonminimal coupling (9) also
vanishes. Some insights concerning the geometry behind
this formula are discussed further in Sec. IV.

F. Single field case
In the special case of a single scalar-tensor gravity F, Z,
and U depend only on one field. The metric of the space of
the scalar fields reduces to a single component F;; =
I ﬁ FZ+ 3(
diagonal,

2)?) while the mass matrix is automatically

23 F U
M = s | =JW. (49)
2FZ +3(95)209%] M

The deviation term (44) is thus

PHYSICAL REVIEW D 94, 124015 (2016)

I'(r) = {-m (%)2}0(3—@. (50)

In the Brans-Dicke-like parametrization where F=U

and Z = ¢, the metric simplifies to 7, 4\112 (2w + 3),
and the mass matrix is given by
220 0*U

MYy = |———=| =70, 51

! [20)—1—35‘\112]0 ) (51)

The deviation is simply

—\Jr

I'(r)=-

52

and from (48) it is easy to recognize the familiar result for y
[28,29]

mdy
20 +3—e V0T
- : (53
_4 /% ﬂLu|
200+ 3+ e w913 g2 lo

IV. GEOMETRIC INTERPRETATION

In the previous section we found that in MSTG the
difference of the effective gravitational constant (43) and the
PPN parameter y (48) from their general relativity values is
given by a rather complicated term (44). However, when the
mass matrix is diagonalizable, i.e. it has a complete set of
linearly independent eigenvectors this term can be given a
neat geometric interpretation. In the current section we show
this works in the physically most relevant case when there
are no ghosts and the metric on the field space is positive
definite, by discussing the mass matrix eigenvalues in
Sec. IVA and eigenvectors in Sec. IV B. As an illustrative
example this construction is applied to a two field case in
the Brans-Dicke-like parametrization in Sec. IV C.

A. Eigenvalues of the mass matrix

The mass matrix M is given by a product (32) of the
matrix F !, which is the inverse of the scalar fields’ space
metric F 4, and the matrix U, proportional to the second
partial derivatives of the potential, 5 qy, a q)/,, both evaluated at
the spatial infinity (i.e. at the background values of the
scalar fields). Although both F~! and U are by construc-
tion real symmetric matrices and therefore diagonalizable,
their product M is not automatically so.

Following Ref. [42] let us assume that the metric on the
space of the scalar fields, J, is positive definite, i.e. all the
scalars are dynamical and not ghosts. From elementary
algebra we know that since F 4 is real and symmetric it can
be diagonalized by an orthogonal matrix A,
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€ a — 2 — £2
(A0 o) Feal() = (M) (g)) = 10000 (54)
where A? is a diagonal matrix whose entries are non-
negative eigenvalues f[zy] of . Multiplying Eq. (54) from

both sides by (A1), = f[‘y]légj)) = (A7) normal-
izes it to

(A7) ) O (AT) () F A% (ATHD (g = 8019y (55)
As the matrix

kX U

“ =2 F 5000 (36)

is symmetric by construction, sandwiching it like Eq. (55)
also yields a symmetric matrix, where transposing gives
(AT (A7) (o) Uead® ) (AT )T
= (A7) (AT) ) UaeA (0 (AT D ). (57)

Therefore there exists another orthogonal matrix B which
diagonalizes the matrix above. Thus for U we can write

(PT) ) UeaP?(5) = Mgy 6): (58)

where the coefficients m[zg] are real and the transformation

matrix is
P = A% (AN ) BP) ), (59)
(PT) ¢ = (BT) () (AT) ) D(AT) . (60)

The matrix P is normalized with respect to the metric F,
since from the definitions (54) and (59), (60) it follows that

(PT) ) FealP?(5) = 81)(0)- (61)
(P")(my}"?’@(P‘T)C(”) = 5B, (62)
The latter is clear from

(P~ FrE(PT), 0 (PT) ¢ F o P sy = 6. (63)
In principle one could here also say that the entries of P are
vielbeins for the space of the scalar fields. The indices
denoted without brackets pertain to a generic basis in the
space of the scalar fields and are lowered and raised by the
metric F and its inverse, while the indices denoted in
brackets pertain to the orthonormal mass eigenbasis or
equivalently to the respective tangent space and are raised
and lowered by the flat metric (Kronecker delta).

PHYSICAL REVIEW D 94, 124015 (2016)

The matrix P also diagonalizes the mass matrix M,

J(/f)((s) - (P—l)(/)’)yMrapa((s)
= (P)0, FEE(PT), (P U P

m? o). (64)

S

due to (62) and (58). The mass matrix eigenvalues m[zé]

coincide with the eigenvalues of the matrix (57).
Furthermore, the matrix U/, is congruent to the transformed
matrix in Eq. (58) and according to Sylvester’s law of
inertia these matrices have the same numbers of positive,
negative, and zero eigenvalues. Therefore the signs of the
mass matrix eigenvalues match the signs of the eigenvalues
of the Hessian of the potential.

Let us recall from Sec. III B that the Minkowski back-
ground required the potential I/ to vanish and have an
extremum in the spatial asymptotics. If the potential there
has a minimum, or the potential is everywhere non-negative
by construction while there are some flat directions (e.g. the
potential does not depend on some of the scalar fields), then
the eigenvalues of the matrix of second derivatives, U/, as
well as the eigenvalues of the mass matrix are all non-
negative.

B. Eigenvectors of the mass matrix

As the mass matrix diagonalizes, it possesses a full set of
linearly independent eigenvectors, v“ ). The components

of eigenvectors can be read off from the columns of the
similarity matrix,

=58Py ¢ F,,.  (65)
The eigenvectors are orthonormal,

U(n)efeava(ﬁ) = (PT)(n)efeaPa(é) = 5(;1)(6)’ (66)
and by construction satisfy

M 0% 5 = m[z(s] V7 (), (67)

which is obvious from multiplying Eq. (64) from left
by P.

As the mass matrix diagonalizes into J, taking its square
root and exponent are straightforward, and thus

E(ﬂ)(5) = (e_‘/]’)w)(ﬁ) = e_mv‘s]régg)). (68)

The deviation term (44b) can now be unraveled as
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4Fs _
- =% P (ﬂ)E(ﬂ)(,;)(P 1)(5)ka

F(r) = )

4F2
= — K[> “cos?(95)e ", (69)

where the scalar product of the mass matrix eigenvector,
v(5), and the vector of nonminimal coupling in spatial
asymptotics, k, has been written in terms of the angle 95
between them.

The last result informs us that when all scalar fields are
massless, the deviation I in the gravitational constant and
PPN parameter y is proportional to the “strength” of
nonminimal coupling as measured by the length squared
of the vector k. If the scalars are massive, each mass
eigenvalue will give a contribution that reduces the
deviation exponentially in spatial distance from the source.
These contributions are weighted according to the angles
between the respective eigenvector and the overall vector of
nonminimal coupling. For instance a mass eigenvalue
whose eigenvector happens to be perpendicular to the
vector of nonminimal coupling will not affect the deviation.
However, if the vector of nonminimal coupling vanishes,
i.e. the scalars are minimally coupled, the deviation I" will
be zero, irrespective of the masses of the scalars.

C. N =2 scalar fields in the Brans-Dicke-like
parametrization

In the Brans-Dicke-like parametrization (15) for two
scalar fields ®! = ¢, ®> = ¥ and

Z(¢p,0) 0

F=v Zy= < 0 w(¢.\11)> (70)
v

the metric on the space of scalar fields is already diagonal,
Z($.v) 0
_ [ 2w
Fay = ( 0 2w(¢,\p)+3>‘ (71)
497

There are no ghosts as long as Z > 0 and 2w + 3 > 0. The
vector of nonminimal coupling has only one nonzero
component,

K, = <o —H) (72)
Its square
4
K
KK = ——— 73
“ 4922w + 3) (73)

PHYSICAL REVIEW D 94, 124015 (2016)

tells that the nonminimal coupling disappears in the

. . 1
limit 3013 0.

The mass matrix

K2 PU K 0*U
Zop 7 0gov
-
My = lzxw PuU 22T dz_u] (74)
20+3 0oV 20+3 0V d
has eigenvalues
2 U
2 _ K ) ) Ndlhis
" 2Zy(2wy + 3) <( wot >8¢2 0
2
2WyZy——=| £B), 75
+2¥, 052 . > (75)
where
aZu 2
B= /A2 +8(2 3)ZoWol ——==| | ., (76
\/ + 82w + 3)Z, 0(84&8\110) (76)
U U
A=29Z—=| —(2 3)—=1 . 77
008\1120 (200 + )6‘¢20 (77)

One can easily check that both eigenvalues are positive
when in the spatial asymptotics the fields are at a minimum
of the potential, i.e. the Hessian of I/ is positive definite

there,
U o2U| 8°U U | \2
i I s . (78
2|, 042 |, 02|, ~ <a¢aqf 0) (78)

The F -normalized eigenvectors

)} A /202wy+3) 52U
a V2 oy 1+B< yaw: a(/;aqf‘())

\/2600"‘3 1

1 =4 /202wy+3) 5°u
_ B A-B 40T |, (79)
RV4 2(00 + 3 1

are JF-orthogonal and give the columns of the similarity
matrix P.
Knowing that

e " 0
E(ﬁ)<5) = ( 0 e_m_r> (80)

we can now calculate from Eq. (44b)
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60000

Constraints at 2¢ from the Cassini measurement of the PPN parameter y on the rescaled masses of the two scalar fields and the

parameter w, for 9, = 0 (left), 9, = ¢ (middle), and 9, = 7 (right). The allowed region of the parameter space is to the right of the

plotted surface.

40}
&

— # l ]_|_é —m+r+l 1 é —m_r
T T 2wt3\2\ B¢ 2\""B)C )

(81)

F(}") = [kaPa(ﬂ)E(ﬁ) () (P_l)<5)yk7]

It can be deduced by comparison with Eq. (69) or by direct
calculation that the angles between the mass eigenvectors
and the vector of nonminimal coupling obey

kov® ) 1 A
cos’9, :M:— (1 —l——),

ke 2\ 7B
(kgv*))* 1 A
cos?9_ = Tg) =3 1- z) (82)

Since the mass eigenvectors are orthogonal to each other,
9_ =49, +Z it holds that cos® 9, + cos? I_ = cos® I, +

sin? 9, = 1.
Finally
K2 cos’> 9, e+ + cos> 9_e "
Geir = 1 — 83
et 8;;\1/0( * 200+ 3 ) (83)
and

2wy 43 —cos? 9, e —cos? I_e™"-"
r= 2wy + 3 +cos? 9, e + cos? J_e "

(84)

V. OBSERVATIONAL CONSTRAINTS

Making use of the results derived in the previous two
sections, we are now in the position to derive observational
constraints on multiscalar-tensor theories of gravity. These
will be obtained from the Cassini tracking experiment,

whose results we briefly describe in Sec. VA. In Sec. VB
we then derive constraints on the biscalar theory in the
Brans-Dicke-like parametrization, discussed before in
Sec. IV C.

A. The Cassini measurement of y

Since our result for y generally depends on the inter-
action distance r between the gravitating source and the
test mass acted upon, to get a rough estimate we should
turn to an experiment with a clear characteristic interac-
tion distance r = ro.l 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 [45]. The experiment yielded the value y —1 =
(2.14+2.3)x 107 (at lo precision). The radio signals
were passing by the Sun at a distance of 1.6 solar radii
or ro ~7.44 x 1073 AU.

B. Observational constraints for two scalar fields

In the case of two scalar fields in the Brans-Dicke-like
parametrization the expression for the PPN parameter y
(84) involves five quantities which characterize the field
configuration in the spatial asymptotic background: the
coefficient @, from the kinetic term of the nonminimal
scalar, two mass eigenvalues m_, m_, and two angles 9,
J_ between the mass eigenvectors and the vector of
nonminimal coupling in the space of scalar fields. The
two angles are related by 9, = d_ — 7 and the formula (84)
is symmetric for the interchange of the masses and a
reflection across the angle 7.

1 . . . . .

As in STG, in a more rigorous analysis one has to integrate
over geodesics [43] and give up the idealization of the point mass
[44].
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Therefore from the Cassini experimental bounds on the
parameter y [45], taken at the 2¢ confidence level, we can
infer rough bounds on the possible values of the theory
parameters as plotted on Fig. 1. For better visualization and
in order to facilitate comparison with the single field case
[29] the horizontal axes depict rescaled masses m, =
v2wy + 3m, normalized by the mass corresponding to

the astronomical unit. The vertical axis shows only w, >

— % since we have assumed the absence of ghosts. The three

plots on Fig. 1 correspond to the angles 9, =0, 9, =¢,
and 9, = 7. The plots for 9, = %” and 9, =% would be
identical to the second and first plot, respectively, with m_,
and m_ interchanged.

The allowed parameter region is to the right of the
plotted surface. When both fields are massless the bounds
disappear in the limit w, — —% and , 2 40000. The
existence of masses makes other values of @, also feasible
and for sufficiently high masses there are no bounds
on wy. The graph for a single nonminimal scalar [29] is
identical with a slice of the left plot, since there the
eigenvector corresponding to the second mass m_ is
perpendicular to the vector of nonminimal coupling and
m_ does not have any effect. For arbitrary angles the
inclusion of the second massive field reduces the allowed
region on one side and extends it on the other side. It is
interesting that at a generic angle J even a massless field
will still have an effect on the result. This is visible on the
middle and right plots, where the bound on @, is much
lower than 40000 at the edges of the graph where one mass
is zero and another nonzero.

VI. SOME SPECIFIC MODELS

To illustrate the formalism developed in Sec. III and
Sec. IV let us consider some examples of models formu-
lated as MSTG or equivalent to MSTG. In particular, we
discuss the nonminimally coupled Higgs SU(2) complex
doublet in Sec. VI A, hybrid metric-Palatini gravity in
Sec. VIB, and linear [(J~' and quadratic [(J=2 nonlocal
gravity in Secs. VIC and VID.

A. Nonminimally coupled Higgs SU(2) doublet

Models with the Higgs field nonminimally coupled to
curvature are built from the action [4,46]

S mb = / d4x\/—_g< (m;’ + gHTH>R
(D) (D"H) - %Fz - % (HH - v2)2> ,
(85)

where D, denotes the gauge covariant derivative, and F is
the gauge field strength, A is the Higgs self-coupling

PHYSICAL REVIEW D 94, 124015 (2016)

constant, and » is the Higgs vacuum expectation value.
It is convenient to parametrize the Higgs complex doublet
by four real scalars as

1 et
H:—<¢1 , ) (86)
V2 \ et
We assume the gauge fields do not play a role in the typical

scales of e.g. the Solar System and neglect them. By
equating the Planck mass m,, = % and making the scalars

dimensionless, ¢, = %1, i %2, 0, = 3,6, = ®* we can
write the action (85) in the form of the general MSTG
action (1), with
F=1+E&(2") + (9%)?),
Z,p = diag(1, 1, (@12, (9?)?),

) (@1)2 (@2)2 2
U:H(T—FT—K%}Z . (87)
The metric of the space of scalar fields (5)
]—'+62§; (2<I>' )2 382 ;)21 P2 0 0
3Peler FH62(@) 0
Fop = 7 2 o (88)
0 0 7 0
(@)
0 0 0 =7

is positive definite (and there are no ghosts) as long as
JF > 0. The vector of nonminimal coupling (8),

_ [ _ K k2EP?
Ko = ( 2F? 272

0 o), (89)

tells that in the parametrization (86) only two of the four
Higgs components have a direct nonminimal coupling to
curvature, but the other two components are still indirectly
involved via the metric (88).

For the PPN setup in the spatial background the Higgs
field must reside at the minimum of the potential,

(g)? + (25)* = 26202, (90)

to satisfy the conditions (27) and (29). The mass matrix
(32) can be found by a straightforward computation, it has
only one nonzero eigenvalue,

2 (1 + 2&x%0?)
1+ 2&%0% + 12822 0%

2 2
m[l]—mH—

o1

while the other eigenvalues m[zz] = m[23] = m[24] = 0. We see

that by the virtue of nonminmal coupling the usual Higgs
mass expression gets a £-dependent correction. However,
since the Higgs vacuum expectation value v is many orders
of magnitude smaller than the Planck mass (x*v> ~ 1073%)
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this correction is really tiny for typical values of the
nonminimal coupling constant required by the Higgs
inflation (£ ~ 10* [4,46]).

There exists a full set of eigenvectors, orthonormal with
respect to the metric (88), encoded in the columns of the

similarity matrix
V1428202 <I>(1) <I>(2J 00

\/1+2§K21}2+]2§2K21}2K” _H
V128207 L 00
a, 2,2 22 2 2.0Kk0 KD
Py = V1426302 | Vi+2eer+1286
V2
0 0 T 0
V2
0 00 o
(92)

Inserting these results into Eq. (44b), the deviation from
general relativity is found to be
- 4§2K21)2e—m,.,r
1+ 28702 + 12820

(93)

Therefore the effective gravitational constant (43) is

K2 4§2K21}2€—er
Getr = 5oy | 1T 2.2 22,2
8r(1 + 2&k“v*) 1+ 2&k°v° 4+ 128 kv
(94)

and the PPN parameter y (48) is given by

1428707 + 128507 — 4P vt e
"1 26307 + 1285302 + 482 pte—mnr

(95)

Since for the Standard Model Higgs and the Cassini
experiment characteristic distance the combination
mpyr ~ 10%, the predicted value of y is well within the
observational bounds. This concurs with the estimate about
the single field Higgs monopole configuration [47].

B. General hybrid metric-Palatini

General hybrid metric-Palatini gravity combines curva-
ture R computed from the metric and curvature R com-
puted from independent connection into a single action [19]

1
Sume = 32 [ XTI RR). (99

By introducing two scalars it is possible to rewrite the
action as [19]

1 3
SghmP = 2’(_2/ d4x\/__g |:¢R - Tég’wayéaug - W((ﬁ’ é:) ,

(97)
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where the potential W encodes the original function f. The
latter action is in the MSTG form, matching Eq. (1) with the
identifications ¢ = ®!, £ = ®?, and

3 1
222 e Z/{ - —W(q>1, @2) (98)

F =, ,
202 2i?

The eigenvalues of the metric of the space of scalar

fields (5),
-
EE

0 4012

can be read off from the diagonal, there are no ghosts
provided that ®' and ®* are both positive. The vector of
nonminimal coupling (8),

tells that in this parametrization only one of the scalar fields
has a direct nonminimal coupling, but the other is indirectly
involved via the potential and the metric (99). It is not
possible to write out the Jordan form of the mass matrix for
a generic potential (there are several distinct possibilities).
Therefore let us look at the models previously considered in
the literature [19].
Model 1 is characterized by

(100)

ol
W = Woe /s (101)
The conditions for the Minkowski background (27), (29)
are satisfied in the limit ®! — oo and the mass matrix (32)
vanishes. Due to the nontrivial vector of nonminimal
coupling (100) the factor (44b) is I' = —%, but from
Egs. (43), (48)

1
Gesr = 0, r=5 (102)
and the model is not viable.
Model 2 is characterized by
_aa!
W = Wy (®?)te 5. (103)

For 4 > 1 the conditions for the Minkowski background
(27), (29) can now be satisfied also by <I>(2) = 0. However the
mass matrix (32) vanishes again and result is the same as
for model 1.

C. Linear ((J°!) nonlocal gravity

The simplest example to build a nonlocal gravity is to
include to the action an inverse of the d’Alembertian
operator acting on the Ricci scalar [48],
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Sxit =55 [ dxy=gR(1+ F(OR)).

72 (104)

Adding a suitable Lagrange multiplier and performing an
integration by parts to replace the Ll-term allows us to write
this action in the MSTG form as [22]

Syt = 2—; / de/=G((1 + f(D) + DR

+ ¢0,9'9,9%). (105)

Here in our notation F = 1+ f(®') + ® and the metric
on the space of scalar fields (5),

af \2 of
g (3G =F G (106)
AR\ oF 3 3 ’

is positive definite (i.e. there are no ghosts) if

6 Of
F 90! > 1. (107)
This inequality matches exactly the result obtained via
multiple intermediate redefinitions of the scalar fields
and transforming into the FEinstein frame [23,49]. In
fact, the action (104) provides the only member in the
family of nonlocal gravities which can be free of ghosts
in the MSTG representation [23]. There is no potential
and all the fields are massless, hence deviations from
general relativity (44b) come from the nonminimal
coupling only,

of
re 8y oo | 20|
Kt (F-620)],

(108)

From the general formulas (43) and (48) we can now
read off

K2 F -8 T
Gt = 0 109
= S L__ 6()@1] (109)
F -4
y = 70@ , (110)
F - 88@‘

which is in complete agreement with the earlier calcu-
lation using biscalar representation [40] and a sub-
sequent direct calculation [41]. Experimental bounds
on y can be invoked to constrain the possible forms of
the function f. Yet, the model has been already
disfavored by the cosmological data [50].
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D. Quadratic ((J-2) nonlocal gravity

A nonlocal gravity model more viable cosmologically is
provided by including to the action the inverse-squared
d’ Alembertian operator acting on the Ricci scalar [51],

1 4
Syr—2 = d*xv/—g|R RD 2R 111
NLZ 162G o [ } ( )

where m is a parameter with mass dimension. By intro-
ducing two scalars U = —[07'R, § = —[07!U, it is possible
to write the action (111) as [51]

o] (125

—-&(OU+R)-&(OS+ U)]

S 2 =
NL™ 162G

(112)

where &, &, are Lagrange multipliers By adopting the
identifications 162G = 2«2, "—’2 = KZ and in terms of the
dimensionless scalar fields, U Ol S =222 ¢ =

& = 515 ®*, after integration by parts the action (112) takes

the form of the generic MSTG action (1), with

F=1-pud? - @3,

1
Zpy=Z23=2Zyu=Zp= 5
U=—0'0% 113
4ict (113)
The metric of the space of scalar fields (5),
0 0 - 0
0 X L
Fup 4F aF i | (114)
1L 3 3 0
¥ iF i
- # 0 0
has eigenvalues
1 3(14p2) +/9(1 +42)> +4F?
= :l:—7 =
Sz AT fia4 Y
(115)

which tell that two of the four scalars are actually ghost
degrees of freedom. This is in accordance with the
observation in Ref. [23], however the case with the original
theory (112) is more subtle [51,52]. The vector of non-
minimal coupling (8),

IC,,:(O TR 0),

e (116)
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has zero length,

FPRKy = 0. (117)
The latter property does not mean that the scalars are
minimally coupled, but occurs because the metric (114) is
not positive definite. Such situation is actually rather
reasonable. Namely, on the one hand the action (112)
reduces to general relativity with minimally coupled
scalars in the m — O limit where the vector of non-
minimal coupling should vanish. On the other hand the
third component of the vector of nonminimal coupling
(116) is independent of the mass scale m and is
unaffected by this limiting procedure. Therefore for the
general relativity limit to exist, the vector (116) must be
of zero length as measured by the metric (114) already
for arbitrary value of m.
The Minkowski background requires

(118)

and we assume the values @, ®; get fixed by some
mechanism. (It is an open issue how much the cosmologi-
cal evolution of the scalar S could affect local experiments
in the Solar System [53,54].) As the Hessian of the
potential ¢/ has one positive and one negative nonzero
eigenvalue, the mass matrix (32)

3
T 23 F, 00 - 22 F,
-5 00 0
M, = 1 (119)
0 00 —-5-
32 3
- 2,;?0 0 0 - 2K2ﬂ}‘0
is not diagonalizable, but admits a Jordan form
(cf. Appendix C)
0 m> 0 O
0 0 0 O
J» Chll P m[23] ol (120)
0 0 0 O
where the only nonzero mass eigenvalue is
3u m?
2 "
my = 2F, - T F, (121)

while m is an arbitrary constant of mass dimension,
which cancels out later since the similarity matrix is
given by

PHYSICAL REVIEW D 94, 124015 (2016)

2 1

m- 1

0 > 5 0

_ 1 uta __1 1
4 du®m? 41> m? i m?
o _ Bl Bl Bl

P = p P P 0 (122)
412 412 m[23] 42 m[23]
2
0 - g o

The Jordan matrix (120) does not have a square root, but
the solutions for the scalar fields in the mass basis can be
written out as

> M, .
P B = 1 (/”)mk(y)’ (123)
where
22
[ 0 0
0 1 0 0
E®) o) = (124)
0 0 «¢(r) O
0 O 0 1
The oscillating dependence on the distance,
) 203
X Mk
$06) —_70
4rnr c(r)
c1cos(y /|my|r) + ey sin(y /|m|r)
= . (125)

r

arises because m[23] < 0. Here the integration constant

Mok® . .
¢y =—-=4— but ¢, remains undetermined, see

Appendix B3 for the details. Now the deviation from
the general relativity value (44b) is

4F5
T(r) = == kP () EV) ) (P7)) i
p(—c(r) 1
= =——(1- 12
m2 F, 3( c(r)) (126)
B3]
and the final formulas (43), (48) yield
K (I=c(r))
= 1 12
Gefe 877, ( + 3 > (127)
~ 24c(r)
y_4—c(r)' (128)

This result can be compared to the Newtonian limit found
in Ref. [55] for the intermediate distances much larger than
the Schwarzschild radius but much smaller than the scale
m~!' which is assumed to be comparable to Hubble scale
playing a role in cosmology. By a many sided investigation
the authors of Ref. [55] are able to determine the integration
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constants. The effective gravitational constant that can be
read off from Egs. (4.30), (4.31) in Ref. [55] matches our
result (127) when the integration constant ¢, in Eq. (125)
gets fixed to zero. In that case, for sufficiently small values
of the combination mr, also the post-Newtonian parameter
y will be close to unity and satisfy the observations.

If we change the sign of the nonlocal term,

2
4 m -2
= v/—g|R +—R[™“R 12
Svi = TerG | 4 g[ 6 ] (129)

the MSTG form of the action remains the same, except

F =1+ pud* - 3. (130)

The eigenvalues of the metric on the scalar fields are still
given by Eq. (115) and two of the four scalars are ghosts.
However the only nonzero mass matrix eigenvalue is now
positive,

3u m?

== 131

m[3] K2 fO -7:0 ( )
and the distance dependence is exponential. This leads to

1 — e—zn[3]r

R (132)
K2 1 —e 3"
G = 1 , 133
= STy ( + 3 ) (133)
2+ el

in agreement with the direct calculation proceeding from
the original action in Ref. [41].

VII. SUMMARY AND OUTLOOK

In this paper we considered a generic MSTG with
arbitrary coupling functions and potential (but no derivative
couplings) in the Jordan frame, and computed the post-
Newtonian parameter y using a point mass as a source. In
the single field case the result reproduces the earlier study
[29], where a massive nonminimal scalar is known to
modify the effective gravitational constant Gy and the
PPN parameter y by a correction which falls off exponen-
tially in distance. The same effect persists in the multiscalar
case, while G (43) and y (48) now depend in an intricate
way not only on the masses but also on the alignment of the
fields in the field space (44).

To describe the geometry of the field space we found it
useful to introduce a metric (5) and a vector (8) which
describes the nonminimal coupling of the scalars to gravity
(spacetime curvature). These objects transform covariantly
under the reparametrization of the scalars, i.e. a change of
the coordinates and the corresponding local basis in the
field space. The PPN calculation lead to the mass matrix
(32) whose eigenvectors (or generalized eigenvectors) form
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a special basis in the field space. A nice interpretation can
be given if the field space metric is positive definite (there
are no ghosts among the scalars), as in Eq. (69) each
massive field gives a contribution depending on the angle
between the respective mass eigenvector and the overall
vector of nonminimal coupling.

The situation is perhaps easier to grasp in the case of just
two fields in the Brans-Dicke-like parametrization where
the formula (84) for y can be used to plot constraints on the
theory parameters from the Cassini tracking experiment,
see Fig. 1. As expected, for massless scalars the bounds on
the asymptotic value of the Brans-Dicke w are high, while
sufficiently large masses remove any bound on w. A very
interesting scenario would arise when one massless scalar is
accompanied by a rather massive scalar, since in that case
the experimental constraints on @ will be also greatly
reduced compared to a single massless nonminimal scalar
(provided the alignment in the field space is sufficiently
favorable).

Our results are very general and can be utilized to test the
viability of a multitude of models, either originally for-
mulated as MSTG or shown to be equivalent to MSTG. As
an illustration of the formalism we considered four relevant
examples: nonminimally coupled Higgs SU(2) complex
doublet, general hybrid metric-Palatini gravity, linear ((C17!)
nonlocal gravity, and quadratic (CJ-2) nonlocal gravity. In
the cases where an earlier PPN result was available in the
literature for these examples, it agreed with the application
of our formulas for that specific model.

The computations of our paper were carried out in the
Jordan frame. However, in various contexts and for several
applications it is useful to focus upon the Einstein frame
instead. Therefore it remains a task for future to give the
results also in the Einstein frame, or even better, rephrase
them in terms of the formalism of invariants [10] which
facilitates their easy implementation in any frame and
parametrization. Our insights to the role of the geometry
on the field space are most likely just a first glimpse, and
the formalism of invariants seems a fruitful tool to clarify
these issues as well.

The estimation of the numerical bounds on the model
parameters assuming a characteristic distance from a point
mass can be a rather crude approximation for an actual
astrophysical experiment. For a more realistic situation one
should integrate over geodesics and invoke an extended
source, as has been done for a single nonminimally coupled
field case [43,44]. Finally, to fully test the MSTG models
the PPN weak field arena must be complemented by
research on the strong field regime as well [56].
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APPENDIX A: DIAGONALIZATION
OF THE “MASS MATRIX”

In Sec. IV we showed that when the metric (5) on the
space of scalar fields is positive definite (there are no
ghosts) the mass matrix (32) is diagonalizable, which
simplifies the calculation and interpretation of the results.
In this appendix we outline some other cases when the mass
matrix also admits a diagonal form, drawing on Ref. [42].

For instance if the matrix U [proportional to the Hessian
of the potential, Eq. (56)] is positive definite, then by a
construction similar to Sec. IVA we can find a matrix C
such that

(€10 UeaCp) = S0 (A1)
and simultaneously
T € o 1
(C) o) FeaC%) = —380))- (A2)

M)

Here the coefficients m% may be also negative. One can
7]

normalize the metric F by introducing a positive diagonal
matrix

1

(8% @) = T 200 (A3)
Y.
Let us define P = CA~!. Then
(PT) () FeaP5) = (signmiz),)5) (A4)

which is a diagonal matrix with +1 and —1 entries
depending on the signs of the coefficients m[zﬁ]. Finally

J(ﬂ)(ﬁ) — (P_l)(ﬁ)yMyaPa((i)
= (PH)® Fre(PT) W (PT) ) UetP* 5
_ (B
= m[z(s](‘}(é). (A5)

Therefore the Jordan normal form of the mass matrix M is
again diagonal. The mass matrix eigenvectors are still
orthonormal with respect to the metric F and form a
complete set. The components P”(; can be again inter-
preted as vielbeins on the space of scalar fields, but now
with appropriate possibly pseudo-Euclidean signature. Let
us also point out that nothing in the previous construction
changes if not all of the eigenvalues are distinct.

So far we have established by an explicit construction
that the mass matrix is diagonalizable when the eigenvalues
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of F or U are all positive. It is possible to show that the
mass matrix is still diagonalizable with real eigenvalues if
there exists a matrix

Y=0clU+yF, o+ =1, (A6)
that is positive definite [42]. For example if F has all
negative eigenvalues then we can choose 6 =0, y = —1
and simultaneously diagonalize —F and U. Alternatively if
U has all negative eigenvalues the good choice would be
o = —1, y = 0. Even if a positive definite matrix ) does
not exist, it may still be possible to diagonalize the mass
matrix with complex eigenvalues.

APPENDIX B: BOUNDARY VALUE PROBLEM

In this appendix we discuss the boundary value problem
which arises when solving the second order scalar field
equation as discussed in Sec. III C. For simplicity, we
restrict our discussion here to a single eigenvalue 1 of a
diagonalizable mass matrix, so that we have to solve an
equation of the form

V2O — 4D = kp, (B1)
where p = My6(r) is the matter density of a point mass at
the origin. Here we omitted the eigenvector index (@) for
brevity. We show that the boundary value problem uniquely
determines the solution for the scalar field, and thus also the
metric perturbation, unless the mass matrix has a negative
eigenvalue, in which case there remains an undetermined
constant, which must be fixed by other means.

1. Zero eigenvalue

In the case of a zero eigenvalue 4 = 0 of the mass matrix
we simply have to solve the Poisson equation

@

V2o = kp, (B2)

which has the general spherically symmetric vacuum
solution (outside the point mass source)

@)

b="14o, (B3)
r
From the boundary condition
)

lim @ =0 (B4)

r—o0

we immediately obtain ¢, = 0. Note that the solution has a
singularity at r = 0, which must be matched with the point
mass source. We thus consider a spherical integration
volume By of radius R around the point mass, for which
we find
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kMO—k/// pdV = // V2<I>dv
By By

2 -
= Vfi) :—Clﬂ e—z dA:—47[C1.
0Bg 0By I
(BS)
Thus, we have
kM
cL = —4—”0 <B6)
and
2) 2
N kM
d=—-——" B7
drr (B7)
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This is of course the classical and well-known solution of
the Poisson equation for a pointlike source.

2. Positive eigenvalue

For a positive eigenvalue A = m? with m > 0 we have a
screened Poisson equation

(B8)
with the general spherically symmetric vacuum solution

2 —
() cre mr+czemr

= (B9)

B

Also here we obtain ¢, =
)

that ¢ vanishes at infinity. We further have

0 from the boundary condition

R R @ o C @)
kMO:k/// /)dV:/// (V2D — m2d)av = Vq>-dA—m2/// dav
B B 0Bp B

1 —”‘H’ —mr
:—cﬂ ( +mr) dA—clm ///
0By r B

—4me;[1 = (1 + mR)e™R] =

= —4zc (1 + mR)e "R

We thus have

kM,
=—— B11
€1 dn ( )
and
@ im
$ = Lo (B12)
dzr
The solution is thus given by a Yukawa potential.
3. Negative eigenvalue
For a negative eigenvalue 1 = —n? with n > 0 we have
an inhomogeneous Helmholtz equation
) @
V2D +n?d = kp, (B13)

with the general spherically symmetric vacuum solution

—
38}
—

¢y cosnr 4+ ¢, sinnr

K

(B14)
’

In this case we cannot eliminate ¢, using the condition that
@)

® vanishes at infinity. From the point mass source we
obtain

= —47[C1.

kMof /// pdV = /// Vz@—i—nz@
B By
@ @
:ﬂ Vb -dh+n? /// bav
0By B

(B10)

- cos sinnr_, -
:_é[ (c;—cynr) nr—i;(crl—clnr) i nrer-dA
0By r
+n2/// c,cosnr+czsinnrdv
Bg r
=—4zc,. (B15)

The constant ¢, remains undetermined here. It must be
fixed by some additional reasoning, for instance by letting
the theory parameters to approach the limit to general
relativity and matching the solution to the respective
solution in general relativity (cf. e.g. Ref. [55]).

4. Complex eigenvalue

For a complex eigenvalue 1 = (m + in)*> we have an
equation of the form

) )

V2 — (m+in)*d = kp, (B16)

with the general spherically symmetric vacuum solution
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)

&)

Cle—(m+in)r + cze(m+in)r

K>

cre”™ (cosnr —isinnr) + cye™ (cosnr + isinnr)
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r

. (B17)

Since A is complex, we can always choose m + in to be the root of A which has a real part m > 0. Hence, we obtain ¢, = 0
2

from the boundary condition that & vanishes at infinity. We further have

. A @ @ L@ @
kMO—k/// pdV—/// V2® — (m +in)>®)dV = VCI)-dA—(m+in)2/// odv
Br By 0Bg Br

=—c ﬂ (1 + mr — ini‘)(COSan —isin nr)e—mr Er ) d;i _ cl(m n in)2 /// e_mr(cos nr— isinnr) v
0B 5

I%

= —4rxc,.

We thus have

kM,
¢ = Mo (B19)
4
and
(2) 7
x kM,
o =— ﬁ e (cos nr — isinnr). (B20)

The solution is complex. However, recall that in this case
there always exists a complex conjugate eigenvalue
A* = (m —in)?, and that the corresponding eigenvectors
are such that its source coupling is given by k¥, so that the
@)

field equation is solved by & *, and that the original field
equations in the untransformed basis have the real solutions
2 @ 2 @

O+ &*and —i(P — P ).

APPENDIX C: NONDIAGONALIZABLE
MASS MATRIX

Here we extend the treatment of Sec. III C and show how
to proceed with solving the scalar field equation in case the
mass matrix M is nondiagonalizable. Instead of Eq. (36),
in the general case the scalar equation assumes the form

@ @

A

V2o (@) _ jla) »® #) = k\9p, (C1)
where J is the Jordan normal form of the mass matrix. In
the following discussion we will assume that J consists of
only a single Jordan block. In the most general case, where
J consists of a direct sum of several Jordan blocks, this
discussion should be applied to each block separately. We
distinguish three cases, depending on whether the diagonal
elements of the Jordan block are positive, zero, or complex.
As noted before in Appendix B 3, the case of negative
eigenvalue runs into a problem of how to fix the integration
constant, and it is a bit complicated to further generalize
this case to a nontrivial Jordan block.

r

(B18)

1. Positive eigenvalue

First we consider the case that the Jordan normal form is
given by a single block with

J=D+N,
m? 0
D= ,
0 m?
0 m? 0
N = : (C2)
. om?
0 0

where both m and m are nonzero and real. Usually one
would normalize m? = 1; however, recall that J is of
dimension (mass)?, so that we introduce a unit mass here.
Note that D is diagonal and N is nilpotent, N9 = 0. Further,
D and N commute, DN = ND, since D is a multiple of the
unit matrix.

We can now solve the scalar field equations (Cl1)
recursively, starting with the last equation ¢ = d, which
reads

@)
(V2= m?)d @ = k@), (C3)

We obtain the solution

—
)

)
oy M

(d) — _jld) 0 p=mr Cc4

47rre (C4)

K>

for apoint mass M at the origin, making use of the boundary
conditions detailed in the preceding Appendix B 3. The
remaining field equations then take the form
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@) @)
(V2—m?)d

(@) — |2 (arl) 4 ]}(a)p‘ (C5)
They can be solved by an ansatz of the form
@ o

o @ = My _””Zp a(7) k , (Co)
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where p(,) is determined by the recursive definition

17

P/(/a) (r) = 2mp’(a) (r).
(C7)

mzp(a—l)(r)

P(o)(’)

The solution which is compatible with the boundary con-
ditions takes the form

m\ 20 S (=1 (@)ap(1 = @)uy
_(m a a Vi CS8
pol)= () D et gy (c8a)
m\ 2o & (20— -1 (2a —2p)!
= (E) (—1) ( ﬁ _ 1 ) W (mr)ﬂ (C8b)
50 al(a—p)!
0 if a <0,
1 if a=0, (C8c)
(m)2e— ﬁ:," Fi(1—a;2 = 2a;2mr)mr  otherwise
0 if a <0,
=<1 if a=0, (C8d)
—2mr (‘")Z“L (- 20’)(Zmr) otherwise,
|
where I" denotes the gamma function, | F; represents the @ Nz m2(f-a)
confluent hypergeometric function of the first kind, and (\/j) ®B) = 2(8 - a)!F(% — B+ a) m2P-a-1" (C12)

L' is the nth generalized Laguerre polynomial.
We could have obtained this solution also from the
matrix ansatz

b (@ — % @ k). (C9)
where
E =exp (-rVJ). (C10)
Here we can determine the square root using
VI = \/W VvDy/1,+D'N

while the components are then given by

The exponential is defined as usual through the Taylor
series

Y
E = ZT (C13)
J=0
and its components are
E<a)(ﬁ) = p(ﬂ_a>(r)e"”’, (C14)

where p(,)(r) is given by the explicit formula (C8).

2. Zero eigenvalue

Let us now assume that the Jordan normal form of the
mass matrix is given by a single block
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0 m? 0

J=N= S . (C15)
Cm2
0 0

so that D = 0 in the notation of the preceding section. Note
that J is nilpotent, J¢ = 0.

Also in this case we can solve these equations
recursively, starting with the last equation @ = d, which
reads

V2§ @ = |4, (C16)
‘We obtain the solution

2)

b @ — _pa Mo (C17)

drr

for a point mass M|, at the origin, again making use of the
boundary conditions detailed in Appendix B 1. The remain-
ing field equations then take the form
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where p, is determined by the recursive definition

poy(r) =1, 2P 1) (r) = ply (7). (C20)
The solution which is compatible with the boundary

conditions takes the form

P(r) = (8;))2,(1 (C21)
Also in this case we can write the solution as
& _ _% @, k). (C22)
where
E= i‘]jrzj (C23)
= (2))!

Note that this sum terminates at j = d, because J is
nilpotent. Its components are given by

2(2) 2(2) N L i) 0 if a>p,
V2 (@) = m2 ¢ (atl) o flo p. (C18) E(a)(ﬂ) _ { (- -~ (C24)
nj—ar  Otherwise.
They can be solved by an ansatz of the form
2) d 3. Complex eigenvalues
£ (a) M, () . . .
QW =—-— P (B-a) (r)k?, (C19) We finally discuss the case that the Jordan normal form is
4nr . . )
p=a given by a pair of complex conjugate blocks
(m—in)?> m? 0
m2
(m —in)
J(a)(ﬂ) = (m +in)> m> (C25)
m2
0 (m +in)?
where m > 0 and n > 0. It is convenient to label the components 17, ...,d~, 1%, ...,d". The last field equation in each

block then takes the form
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)

V2= (m +in)}] & @) = k@), (C26)

Once more making use of the boundary conditions detailed
in Appendix B 4, the solution is given by

(2

g

&) (d*) — _]}(di) %e—(m:tin)r
Arr
aogty M

= @) 4—0 e (cosnr F isinnr). (C27)

r

The remaining field equations then take the form
2 2 (z)( ) 2(2)( D* 4 fla®)

[VZ—(m+in)? @ @) =m?@ (@™ 4 fl@y, (C28)
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They can be solved by an ansatz of the form

d

M )
_ Yo e—(mizn)r Z p(iﬁ—a)

(r)k#),
drr =

(C29)

where p?t) is determined by the recursive definition

a

P?B)(r) =1
WEp (1) = p, (1) = 20m £ in)p, (). (C30)

The solution which is compatible with the boundary
conditions takes the form

a 2 (—=1)° 1 -
. m O\ @y (1=
piy(r) = ( ) — ((m+in)r) (C31a)
(@) mtin) 4= 220 Pl (a — B)!
m & 20— -1 (2a —2p)! :
() S e ) (ot iy (C310)
<mim> ; p—-1 ) 22Fal(a-p)!
0 if a <0,
71 if a=0, (C3lc)
(%)2“% Fi(1=a;2 =2a;2(m + in)r)(m £ in)r  otherwise
0 if <0,
=<1 if =0, (C314d)
- 2("2?5;”)’ (ml‘m)”’LS__lza) (2(m & in)r) otherwise,
[
with the functions I', | ', and Lila) as above in Eq. (C8). and thus
Writing this solution in matrix form, we have
o E({li)(ﬂi>(r) — p(i/}_a)e—(mﬂ:in)r’ (C3521)
@ =_Mopw 1), (C32) )
anr E™) gy =0, (C35b)
h i d th tri tial
where agaiil we sec the matrix expofientia with p?:a)(r) given by the defining formula (C31).
(=)
E =exp(-rvJ) = 2; I (C33) 4. General solution formula
=
We have seen in the previous sections that the solutions
In this case the components are (C9), (C22), (C32) for the second order scalar field
equations can always be written in a common matrix
V) vz m2/ o
(VI ) = 26-a) TG =B+ a) (m+in)2P-a-1" @ y
ot d @ — 0 pla)  f#)
(V) )(/ﬁ) =0 (C34) ) 47rrE k", (C36)
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with a matrix E given by Egs. (C10), (C23), (C33). Note
that these formulas are very similar, and can be brought to a
common form

. i(erzj Szj+1,,2/+1>
_].:0 2 @j+1) )’

S { V/J if Jhas a square root,

0 otherwise.

(C37)

Here /J always denotes the positive square root, i.e., the
square root with positive real parts of the eigenvalues. Note
that this formula holds only for a single Jordan block. In

case that J consists of several Jordan blocks J , and is thus
given by a direct sum

PHYSICAL REVIEW D 94, 124015 (2016)
J= & 1 (C38)

Jordan blocks J

it must be applied to each Jordan block separately. The full
matrix E is then given likewise by a direct sum

£ QB ® <jjr2j _ §2j+1r2j+l>’

Jordan blocks J j=0 (2])' (2J + 1)'

§— { \/j if Jhas a square root,

0 otherwise.

(C39)
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