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We consider the parametrized post-Newtonian (PPN) limit of ghost-free massive bimetric gravity with

two mutually noninteracting matter sectors coupled to the two metrics. Making use of a gauge-invariant

differential decomposition of the metric perturbations, we solve the field equations up to the linear PPN

order for a static, pointlike mass source. From the result, we derive the PPN parameter y for spherically

symmetric systems, which describes the gravitational deflection of light by visible matter. By a comparison

to its value measured in the Solar System, we obtain bounds on the parameters of the theory. We further
discuss the deflection of light by dark matter and find an agreement with the observed light deflection by
galaxies. We finally speculate about a possible explanation for the observed distribution of dark matter in

galactic mergers such as Abell 520 and Abell 3827.
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I. MOTIVATION

Current observations, together with their interpretation
according to the standard ACDM model of cosmology,
indicate that visible matter constitutes only 5% of the total
matter content of the Universe, while the remaining
constituents are given by 26% dark matter and 69% dark
energy [1]. These dark components of the Universe arise
purely from phenomenology: dark energy offers a potential
explanation for the observed accelerating expansion of the
Universe [2-7], while dark matter potentially explains the
rotation curves of galaxies [8—10], the formation of large-
scale structures in the early Universe [11-13], or the lensing
and peculiar motion in galaxy clusters [ 14—16]. Note that all
of these observations are based on the gravitational influence
of the dark universe on visible matter. Despite significant
effort, no direct, nongravitational interaction of visible
matter and dark components has been observed. This raises
the question whether any such nongravitational interaction
exists, or whether the coupling between the dark and visible
sectors is purely gravitational, or even whether gravity itself
constitutes at least part of the dark sector.

In this article, we discuss a model which naturally
features a purely gravitational coupling prescription for
dark matter, while at the same time being able to accom-
modate dark energy. This model is based on the idea that the
geometry of spacetime, which mediates the gravitational
interaction, is described not by a single metric as in general
relativity, but by two separate metrics. Further, each matter
field couples to only one of these metrics, and there is no
direct, nongravitational coupling between matter fields
associated to different metrics. These assumptions imply
the existence of two different matter sectors whose mutual
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interaction is mediated only by an interaction between the
two metrics so that they appear mutually dark. However
attractive in its phenomenology, this idea also leads to
potential theoretical issues, since a coupling between them
requires at least one of the corresponding gravitons to be
massive [17], and such massive gravity theories generally
suffer from the existence of a ghost instability [18].

While it has been believed for several decades that the
aforementioned ghost instability completely excludes any
theories with gravitationally interacting massive spin-2
particles, it has been discovered recently that this is not
the case, and that a particular, narrow class of theories
avoids the ghost [19-25]; see [26-28] for a number of
reviews. The most simple class of such theories indeed
features two metric tensors and allows for two separate,
mutually nongravitationally noninteracting classes of matter
fields, each of which couples exclusively to one metric and
which interact with each other only through an interaction
between the two metrics [29-32]. The interpretation of one
of them as corresponding to dark matter, as we discussed
above, has also been studied [33,34], possibly involving an
additional “graviphoton” vector field and reproducing
modified Newtonian dynamics (MOND) on galactic scales
[35-38]. Note, however, that in contrast to the latter we do not
introduce a graviphoton or aim to model dark matter as a
gravitational effect as in MOND. We further remark that in
massive gravity theories also the massive graviton is a
potential dark matter candidate, an idea which has only
recently been considered [39-42].

Besides providing possible explanations for the observed
dark sector of the Universe, any viable theory of gravity
must of course also pass tests in the Solar System. An
important tool for testing metric gravity theories with high-
precision data from Solar System experiments is the
parametrized post-Newtonian (PPN) formalism [43—48].
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The main idea of the PPN formalism is to express the metric
tensor as a perturbation around a flat background and then
expand the perturbation in terms of certain integrals over
the gravitating matter distribution. The coefficients of these
potentials in the metric perturbation are characteristic for a
given gravity theory and can directly be linked to observ-
able quantities. In this article, we focus on a particular PPN
parameter, conventionally denoted y, which has been
measured to high precision in numerous Solar System
experiments [48], in particular, through very long baseline
interferometry [49-52] via the Shapiro delay of radio
signals [53] and using combined observations of the motion
of bodies in the Solar System [54-57]. To present, all
observations are in full agreement with the general rela-
tivity value y = 1 [48].

While all of the aforementioned experiments observed the
gravitational interaction within the visible sector, it should be
noted that the PPN parameter y has also been determined
through the deflection of visible light by galaxies, whose
total gravitating matter content contains a significant con-
tribution from dark matter [58—60]. Also, these observations,
although less precise, are in agreement with the general
relativity value y = 1. Needless to say, understanding the
light deflection by dark matter is essential for a correct
interpretation of observations where the dark matter distri-
bution is reconstructed from lensing under the assumption
that dark matter deflects light in the same way as visible
matter. This is particularly important in the case of galactic
mergers, such as the so-called “Bullet Cluster” 1E0657-558
[61-65], the “Train Wreck Cluster” Abell 520 [66,67],
MACS J0025.4-1222 [68], or Abell 3827 [69], where visible
and dark matter appear clearly separated from each other.
However, itis not a priori clear that this assumption is valid in
atheory in which dark and visible matter couple differently to
gravity.

As mentioned above, the PPN formalism in its standard
form requires a single dynamical metric for the description
of gravity. In order to discuss theories with multiple metric
tensors, we need an extension of this standard PPN
formalism. A possible extension, which features massless
and massive gravity modes but includes only one type of
gravitating source matter, has been introduced and applied
in [70]. A complementary extension to multiple metrics and
a corresponding number of matter sectors, but including
only massless gravity modes, has been developed and
applied in [71,72]. In this article, we choose to make use of
the latter and to extend it to also allow us to calculate the
PPN parameter y for both dark and visible matter in
massive gravity. This is the simplest possible extension,
and the first step towards a fully general extension of the
formalism to massive gravity theories; the latter would
allow for a calculation of all PPN parameters.

We remark that the perturbative expansion of the metric
in a weak field limit, which is an important ingredient to the
PPN formalism, is not always valid in the context of
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bimetric gravity due to the Vainshtein mechanism [73-75],
and that a full, nonlinear treatment is required in order to
determine the gravitational dynamics close to the source
mass. This nonlinear mechanism typically suppresses all
deviations from general relativity within a given radius
around the source mass called the Vainshtein radius. A
perturbative treatment is valid only outside this radius. We
will not discuss the Vainshtein mechanism in this article
and restrict ourselves to the case of theories in which the
Vainshtein radius is sufficiently small so that the perturba-
tive treatment is valid on Solar System scales and above.

The outline of this article is as follows. In Sec. II, we
briefly review the action and field equations of ghost-free
massive bimetric gravity. We then perform a perturbative
expansion of these field equations in Sec. III, using an
adapted version of the PPN formalism. We further simplify
the obtained equations using gauge-invariant perturbation
theory in Sec. IV. This will yield us a set of equations,
which we will solve for a static, pointlike mass source in
Sec. V and, thus, determine the effective Newtonian
gravitational constant and PPN parameter y. We will
connect our result to observations, in particular, of the
deflection of light, in Sec. VI. We end with a conclusion in
Sec. VII. A few lengthy calculations are displayed in the
appendixes. In Appendix A, we derive the linearized
interaction potential connecting the two metrics. In
Appendix B, we list derivatives of the Yukawa potential.
We show how to check our solution of the field equations in
Appendix C.

II. ACTION AND FIELD EQUATIONS

In this section, we start our discussion of the post-
Newtonian limit of bimetric gravity with a brief review of
its action and gravitational field equations, which are
derived by variation with respect to the two metrics. We
then trace reverse the field equations, as this will be more
convenient when we construct their solution. These trace-
reversed field equations will be the main ingredient for our
calculation.

The starting point for our derivation is the action
functional

m2 m> .
S = / d*x {—g V/—detgR? + —L \/=det fR/
M 2 2
4
- m4 V _dethﬂnen ( \/ g_1f>
n=0
VgL .00 + VEa L] )

for two metric tensors g,,, f,,, and two sets of matter fields
@9/, each of which couples to only one metric tensor, and
between which there is no direct, nongravitational inter-
action. One may, thus, interpret, e.g., @Y as visible matter
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constituted by the standard model fields and governed by
the standard matter Lagrangian £9, and ®/ as dark matter
constituted by a distinct set of fields with possibly different
structure of the Lagrangian £/. However, we will not make
any assumptions on the constituting fields of the two matter
types here, or on their Lagrangians, as these will not be
relevant for our calculation.

Note that since there are two metrics, there is no canonical
prescription for raising or lowering tensor indices.
Therefore, we will not raise or lower indices automatically
but provide definitions for all tensor fields with fixed index
positions. In the action (1), this applies to the Ricci scalars,
each of which is defined solely through its corresponding
metric, such that they are related to the Ricci tensors by

= g¢“Rj,. R/ = f"R],. (2)
Note further the appearance of the (1,1) tensor field g'f,
which we assume to have a square root A such that

AMO'A”L/ = g/mfaw (3)

This is certainly the case in a sufficiently small neighbor-
hood of the flat proportional background metrics g, = 7,,,

fw = cznm,, which we will henceforth consider. The func-

tions e, ..., e4 in the action are the matrix invariants
ek(A) = Aﬂl[ﬂl .. .Allk”k]
1
_ e hy A ,
= meﬂ] Hichy Ay, kel/l"‘l/kﬂl“'/h—kAylm .. .AVLW

4)

of this square root, while their coefficients f, ..., 3, are
constant, dimensionless parameters to the action. The
remaining parameters are the Planck masses m,, m;, and
the interaction mass m, all of which are of mass dlmensmn
Any choice of the constant parameters determines a par-
ticular action and, hence, a particular theory.

By variation with respect to the metric tensors, we obtain
the gravitational field equations

1
mg (R/gw - Egﬂ”Rg> +m*Viy = Ti,
1
mj (RL - szRf) +m*Vi, = Th. (5)

Here we have defined the energy-momentum tensors as
usual through

2 S(y/=detgLl(g. @,))

T == V/—detg S :
; 2 S(/=detfLh(f, @)
), = - . (6)

/—detf Sfm
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The potential terms V,g,f are given by

Vi = Gup Z

3

v :f/,tp Z(_l)nﬂ4—nynl)v(’4_l)7 (7)

n=0

D)"Y, ,(A),

where the functions Yy, ..., Y5 are defined as

Vo) = S (e,
k=0

(A)ArE (8)

and analogously for ¥, (A™!). We remark that the action (1)
and, hence, also the field equations (5), are fully symmetric
under a simultaneous exchange g,, <> f,, and 8, < f4_,.
While we could work directly with the field equations (5),
it turns out to be more convenient to use the trace-reversed
equations instead, which read
m2Ry, 4+ m*Vi, = Th,, mzRﬂy + m4V'[w = T'}:y. 9)
Here we have trace reversed each term with its correspond-
ing metric; i.e., we have applied the definitions

_ 1

Vi, =V, — 5 9 d Vo,

_ 1

TZZ/ = TI%V - igyugpngO" (103)
of _of Lo our

Viw =V — Ef wt” Vo,

- 1

= T 31l Th, (100

The field equations (9) are the equations we will be
working with during the remainder of this article. In order
to calculate the post-Newtonian limit, we will need a
perturbative expansion of these equations. This will be
done in the next section.

II1. POST-NEWTONIAN APPROXIMATION

We now come to a perturbative expansion of the field
equations (9) displayed in the previous section. For this
purpose, we first briefly review the notion of velocity
orders in Sec. III A and label the relevant components of
the metric and energy-momentum tensors. We then discuss
the metric ansatz, essentially following the construction
developed in [71,72], in Sec. III B. Finally, we apply these
constructions to the field equations under consideration.
We derive and solve the field equations at the zeroth
velocity order in Sec. III C and derive the second-order
equations in Sec. III D.
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A. Expansion in velocity orders

A central ingredient of the PPN formalism is the
assumption that the gravitating source matter is constituted
by a perfect fluid. Since there are two different types of
matter @9/ in the theory we consider, which interact only
gravitationally, we apply this assumption to each of them.
Their energy-momentum tensors, therefore, take the form

Tg/’”’ f— (pq +ngg + pg)ugﬂugb _|_ pggl”” (lla)

with rest energy densities p?/, specific internal energies
19/, pressures p%/, and four-velocities u%/#. Note that the
four-velocities are normalized with their corresponding
metrics,

utut?g,, = wrutf,, = —1. (12)
We further assume that the source matter is slow moving

within our chosen frame of reference so that the velocity
components satisfy

vl i = ug <. (13)
u.’

We then assign orders of magnitude O(n) « |0]" to all
dynamical quantities. For the matter variables, we assign
PP ~T1% ~ O(2) and p%/ ~ O(4) based on their values
for the matter constituting the Solar System. For the metrics,
we assume a small perturbation around a flat, proportional
background solution, where we expand the perturbation in
velocity orders in the form

G = M+ Py = 1+ 150 + 12 + 1) + 1) +O(5),
(14a)

-2 —
¢ f;w _”yu+eﬂ1/

— o+ ) + €2 + ) + i) + O(5)

(14b)
with constant ¢ > 0. Not all of these components are
relevant for the post-Newtonian limit, while others vanish
due to symmetries and conservation laws. The only non-
vanishing components that are relevant for our calculation of
the PPN parameter y in this article are

2 2 2 2
ho- g e ep. (19)

Further, we only consider quasistatic solutions so that
changes of the metric are induced only by the motion of
the source matter. We, therefore, assign another velocity
order 0, to any time derivative. We finally assume that the
source matter is located in a bounded region and that the
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metrics are asymptotically flat so that the metric perturba-
tions and their derivatives vanish at infinity.

Since we are interested only in the second-order metric
perturbations (15) and, hence, need to solve the field
equations only up to the second velocity order, it is also
sufficient to expand the energy-momentum tensors (11)
to the second velocity order. The only relevant components
are

A
TF2)00 P pe@)ij — r@)ij — (16)

In order to use them in the field equations (5), we need
to lower their indices with their corresponding metrics,
which yields

Ty =pt Th =l T =1/ =0. (17)

Finally, we also need to trace reverse these terms with their
corresponding metrics, from which we obtain

= a(2 1 —f(2 02
ng) =5 Too L=,

2 2
- 1 —f c?

These terms will enter the trace-reversed field

equations (9).

B. Metric ansatz and PPN parameters

Another important ingredient of the PPN formalism is an
ansatz for the metric in terms of potentials, which are
integrals over the source matter distribution. Their coef-
ficients in the metric are observable quantities which allow
a characterization of the gravity theory under examination.
For single metric theories, there is a standard form for this
PPN metric ansatz [47,48]. Here we use a generalization to
multimetric theories developed in [71,72]. Our ansatz for
the second-order metric perturbation reads

W) = —at9 Ay — atf Ny (19a)
2 _ g
hiy =209 + 209
— (% + 09) Dyt + (v + 0 ) Ay 6,5, (19b)
e = —alINyT — /T Ny (19¢)
el(',z') — zgfg)(%j + ggff){{‘ij
=79 +679) Dyt + (/T 4 07) D65, (194)

where A = 9'9;, and indices are raised and lowered with
the flat metric #,,. The PPN potentials we have introduced
here are second-order derivatives of the superpotentials
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2007 == [ P DF -,
P00 == [puDE-Far. )

The definition of y/ contains a factor ¢3, which originates
from the volume element of the spatial part of the unper-
turbed contribution c217ﬂy of the metric f,,. In the PPN
metric, we further have 12 PPN parameters af/9/, y9:/9./
09791 Note that these are not independent, as we have not
yet fixed a gauge for the metric. The gauge freedom allows
us to apply a diffeomorphism generated by a vector field &,
provided that it preserves the perturbation ansatz (14). This
means that the vector field & must be of the same order as the
metric perturbations. Recall that under a diffeomorphism,
the metrics change according to

559/41/ = (ﬁfg)py = zgﬂ(ﬂvg)fﬂ’
5.ff;u/ = (‘C-ff)ﬂzz = 2f6(/4v£)§0’ (21)

where £ denotes the Lie derivative. At the linear perturba-
tion level, which is sufficient for our calculation here, this
yields the transformation of the metric perturbations

5§h’,ul/ = 5{,:6/411 == Zﬂa(ﬂawég. (22)

Further demanding consistency with the PPN metric ansatz
(19), we find that the only allowed and relevant vector field is
of second velocity order and can be written as [47,72]
f=0, &=+ iy, (23)
with two constants A9/, and where we have defined

& =n,é”. Under a diffeomorphism generated by this
vector field, the metric perturbations change by

2 2
55h§)0) = 55380) =0,
5ech) = 6zel) = 220%; + 20 . (24)

By choosing A9 = —0% and A/ = —0//, we can always
eliminate these two PPN parameters from the metric ansatz.
In the remainder of our calculation, we will adopt this gauge,
in which 6% = @/ = 0, as this turns out to be compatible
with the standard PPN gauge for single metric theories [72].

C. Background solution

Recall from Sec. III A that we have expanded the metrics
around a flat Minkowski background, as usual in the PPN
formalism. For the PPN formalism to be applicable in this
form, it is necessary that this background is a solution of the
field equations at the zeroth velocity order. Since both the
Ricci tensors R} O and the energy-momentum tensors
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T‘Z},f(o) at the zeroth velocity order vanish, these simply
reduce to

mviY =0,  m*viY =o, (25)

where we assume m > 0. In order to determine the

potential terms Vﬁ},f(o) and also the second velocity order
in the next section, it is useful to first linearize the potential
in the metric perturbations. Since this is a rather lengthy
procedure, we have deferred it to Appendix A. Here we
make use of the result (A11), from which we read off the
zeroth-order contribution

VZSIO) - _(;BO + 3:51 + 3B2 +B3)nmz

—(Bo + 3¢y + 32 + B3 (26a)
VI = —(By + 3B, + 3P5 + Ba)c™n,,
= _(ﬁl + 3Cﬂ2 + 3C2ﬁ3 + C3ﬂ4)C Myw> (26b)

where we used the abbreviations ﬁ . = c*B,. We require that
these equations, which are polynomial in ¢, possess at least
one common positive solution ¢ > 0. Note that a particular
fixed ¢ solves both equations if and only if the parameters
in the action (1) satisfy

Po = —3cp — 302ﬂ2 - C3ﬂ3,
Ba = —c7py =3¢y = 3¢ . (27)

The condition that the background equations are solved by
proportional flat metrics, therefore, completely determines
the two parameters S, and f3, in the action in terms of a new
free parameter ¢ > 0. In the followmg, we will, therefore,

replace f, and f, and, hence, ﬂo and ﬁ4, using

Bo=-3B=3br—Ps.  Bs=—P1—3p -3 (28)

and keep S, f», f3, and c as free parameters of the class of
theories we discuss.

D. Second-order field equations

For the remainder of our calculation and in order to
determine the second-order metric perturbations, we will
need to expand the field equations (9) to the second velocity
order. The only relevant components are given by

mz RQ(Z) + m4‘78§)2) _ 750182)’

5ng]( )+ m4\7?;2) = T?;z), (29a)
WRID L T,
miRlD + mt VI =TI (29b)
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We have already calculated the necessary components (18)
of the energy-momentum tensor at the second velocity
order. The components of the Ricci tensor are easily
obtained and yield the standard textbook result [47]

2) 1

Rgo = _EAhoo )
1 2
Rg( Z(Ah E)o):/ + hl(ck)u - hfk)]k hg'k,)ik)’ (30a)
f(2
R0<() )= _EAeoo’
- 1
(2 2 2 2 2 2
Rij( : = E (A (J) - eE)O)l] + e]((k)lj - et(k)/k - e;k)zk) (3Ob)

Finally, we also need the second velocity order contribution
from the potential terms. Using the result (A11) derived in
Appendix A, one finds the components

_ 1-~
Vi = A0 =3l =)+ ef?),

11 121

(31a)

2 2
ij - hg)o) + eéo))(sij]»

_ 1-~
70— L3R <262 1 (1) - o2

(31b)
2 I -« 2 2 2
- L -n@- @ a9
= (2 I -~ 2 2 2 2 2
V{j( ) = @ﬂ[zegj) - 2ht('j) + (el(ck) - hl(ck> - eéo) + hf)o))éij]’
(31d)
where we introduced the abbreviation
B:ﬁl +2,é2 +ﬁ3- (32)

These are the field equations we will be using during the
remainder of this article. However, directly working
with these equations poses two difficulties. First, the
field equations possess a gauge freedom, as discussed in
Sec. III B, and so the solution will be unique only after
gauge fixing. Second, the equations turn out to be
involved and cumbersome to solve due to the mixing
of tensor components. Both of these difficulties can be
solved straightforwardly by performing a gauge-invariant
differential decomposition of the metric perturbations. We
will detail this formalism in the next section.

IV. GAUGE-INVARIANT DIFFERENTIAL
DECOMPOSITION

In the previous section, we have performed an expansion
of the gravitational field equations (9) into velocity orders
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and obtained the second-order equations (29). Instead of
solving them directly for the metric perturbations (14), we
will first bring them into a significantly simpler form in this
section. For this purpose, we employ the formalism of
gauge-invariant perturbations, which is well known from
cosmology [76-78]. We apply this procedure in several
steps. First, we decompose the metric perturbations into
gauge-invariant potentials in Sec. IVA. In Sec. IV B, we
further decompose these potentials into velocity orders as
required by the PPN formalism. Using the expressions
obtained, we then decompose the Ricci tensors (30) in
Sec. IV C, the potentials (31) in Sec. IV D, and the energy-
momentum tensors (18) in Sec. IV E. This will finally yield
us a full decomposition of the field equations (29) in
Sec. IVE.

A. Decomposition of the metrics

We start with a differential decomposition of the metric
perturbations. Using the split into time and space compo-
nents, we introduce the decomposition

hoo = =249, ho; = 0;BY + BY,
hij = =2995;; + 209 + 40 E) + 2E],  (33a)
€np — —2¢f ;= an + Bf

= -2yl + 24, Ef +40,E] +2E],  (33b)

into four scalars ¢p?7, w9/, B9 E%f two divergence-free
vectors B’f , Eq S , and one trace-free, divergence-free
tensor Ef]jf . Here, A;; denotes the trace-free second
derivative A;; = 0,0, — %5,~ ;A\, From these quantities, we
further derive the potentials

I = ot + 0,89 — RES, 19 =B, 19 = E9,

I
15 =y DAL = B 00,E)

I/gf ng Igf Eg f' (34)

The advantage of using these potentials becomes apparent
when we consider gauge transformations of the metric, i.e.,
diffeomorphisms generated by a vector field &, which
preserve the perturbation ansatz (14) as discussed in
Sec. III B. Here we introduce a differential decomposition
for &, = n,,&" of the form

& =X, & =0X +X,; (35)
into two scalars X, X’, and one divergence-free vector X;.

One now easily computes from the decomposition (33) the
transformations
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1
5§¢t/f = —80X, 5§lllg’f = —gAX/,
5:B% = X'+ X,  SE =X,
1
5:BY = doX;  SEV = 5 X 8:EL =0. (36)

The potentials (34), hence, transform as

Sy =6:157 =0, 5057 =0X' +X, 8.0y =X,

1 :
eIt =>X;, 807 =0. (37)

5.9 =0,
Eli 2

Finally, defining the linearly related potentials

ey oy 9
FE=r+1, E=0+l  IEFE=IL+IL,
=0+, F=F+l  If=1"+F,
+_ 19 !

I =1+ 1, (38)

we see that the six scalar potentials 15, I5, I3, I, the three
vectors I+, I'7, and the two tensors 1 ﬁ are invariant under
gauge transformations, while the remaining two scalars /3,
I}, and the vector I’} are pure gauge degrees of freedom
corresponding to the two scalars and the vector constituting
the diffeomorphisms. The only physical degrees of freedom
are the gauge-invariant potentials. Since the gravitational
field equations are derived from a diffeomorphism invariant
action, we can fully express them in terms of these gauge
invariants. In the following, we will do so by introducing a
suitable differential decomposition of the Ricci tensors,
potentials, and energy-momentum tensors.

B. Gauge-invariant potentials and velocity orders

Recall from Sec. III that we have decomposed the metric
perturbations into velocity orders and that only the com-
ponents (15) are relevant for the calculation we present in
this article. We now apply the decomposition into velocity
orders to the gauge-invariant potentials above in order to
determine which of them will be relevant for our calcu-
lation. A comparison of the relevant components (15) with
the differential decomposition (33) shows that only the
quantities

Ppor@,  yel@ pes@ g @

s

f(2)
B (39)
at the second velocity order will be relevant. Using the
relations (34), while taking into account that time deriv-

atives are weighted with an additional velocity order O(1),
then yields the relevant potentials

170 = gor@ [97R) —yes2) +3 L Apor@

IZf(z) — Eg,f(Z)’ I/.;]-f(z) — E;/f( )’ I;]J’f( ) — EZﬂz) (40)
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Finally, transitioning to the linearly related potentials (38)
shows that the only relevant gauge-invariant potentials are

the five scalars IT(Z), 13[(2)’ I;(z), the vector I’ i—(2>, and the

two tensors / iij(z), while the scalar IIQ) and the vector I ;r(z)

are pure gauge quantities. From the former, we can now
calculate the relevant components of the Ricci tensor and
the potential.

C. Decomposition of the Ricci tensors
We now perform a differential decomposition of the
Ricci tensors, similar to the differential decomposition (33)
of the metric introduced above. Here we use the defining
relations

Ry =Ky, Ry =0k} + K,

1
RY = K378+ DuKY + 200K + K37 (41)
From this definition and the second-order field equa-

tions (29) follows that the only relevant components for
our calculation are given by

KJf Algf K!]f _4A19f Alflqu&)
Kgff( ) — Ig;f( ) _ I!]f( )’ K/i]f( ) — 0’
Kgf() Algf( )_ (42)

Comparing these expressions with the gauge transforma-
tions (37), we see that they contain only gauge-invariant
potentials, as expected from the fact that they originate
from a diffeomorphism invariant action.

D. Decomposition of the potentials
For the trace-reversed potentials, we proceed in full
analogy to the decomposition (41) of the Ricci tensors.
Here we use the decomposition

vl =ut!. v =008 + U,

oy 1
v = 3 U3’ 8+ 8yUs +20,U% + U (43)

From the second-order field equations (29), we read off that
the relevant components are given by

v = —2yf® -35% + ALY,

(44a)

1~
= -5 pGI"

1~
U§(2>:—czU’;(z):Eﬂ(%”—W +5015%),

(44b)
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I AR (44c)

U/l-g(z) 2U/f ﬂ]/ (44d)
92) _ _ 272

Ul ul? = pr? (44e)

Again we see that these depend only on gauge-invariant
potentials, as expected.

E. Decomposition of the energy-momentum tensors

We finally also need to perform a differential decom-
position of the energy-momentum tensors. Following the
same prescription as for the Ricci tensors and the potentials,
we define

T(g)()f — ngf, Tgf a ng+ Q

T =504 Los7s, + 0,00 + 26(iQ’j?)’~f +o¥. (45)
For the expressions (18) for the second-order trace-reversed

energy-momentum tensors of the perfect fluid, then follow
the relevant components

1 : 1 3
0 = Epg, o/® = Eczﬂf, o3 = 5,09’
3
A
Ql.?af(z) — 0’ Qi]]f(2> =0. (46)

These are all expressions we need for the field equa-
tions (29) at the second velocity order.

F. Decomposition of the field equations

We now have all expressions at hand which are necessary
to perform a differential decomposition of the second-order
field equations (29) and to fully express them in terms of
gauge-invariant quantities. It is an important feature of the
differential decomposition that it is unique and bijective
under the boundary conditions mentioned in Sec. III A,
which imply that all metric perturbations and their deriv-
atives vanish at infinity. It, thus, follows that the field
equations (29) are equivalent to the decomposed field
equations

m!z}Kf( ) + szg Qg

mK|? + mu? = of? (47a)
m2K3Y + mug® = 3%,
m2K)? + w0y = ), (47b)
m2Kk{? + m2U = 04,
mik,® + mru? = ), (47¢)
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m!ZIK/g( ) +m U/g Q/g

K[+ U] = ), (47d)
m2k?? + m2uI® = gI?
m3k!? + mr Ul = ol?). (47¢)

We can now insert the expressions for the differential
components of the Ricci tensors, the potentials, and the
energy-momentum tensors which we derived above. We
start with the trace-free, divergence-free tensor equa-
tions (47e) Inserting the components K?]if @ U‘;-’J‘-f @)

Q ylelds the equations

2
—(2 Hr—(2
7"(A1 + ALY+ mpIY = 0, (48a)
2 4
m 2 -(2) ﬁ
—Tf(m,.*j“—m,.j‘ )—C—I =0. (48b)

Note that together with the boundary conditions, they yield

= 0. We then continue with the

divergence-free vector equatlons (47d). Using the expres-
(2) U/‘] S(2 Q/Qf

the trivial solution I

sions for K'9/1%), we obtain

mpr7® =0,  —ZEp® o, (49)

These equations are equivalent as a consequence of the
Bianchi identities, which follow from the diffeomorphism
invariance of the action (1). Also, these equations yield a

trivial solution 1’ ;(2) = 0. We are, thus, left with the scalar
equations (47a)—(47c), which take the form

2
%pg =21+ A ®)
4
_m7(31 ® 3@ 4 AR, (50a)
c? m?
—/’fZTf(Ah All )
4
+”21 P @ 359 4 AL, (50b)
C
N Q) _ At _ A @
Spt=2L@an® 4 4nn® - A0 - ALY
4
+ mT GBL® -155,% +5a1,%), (50¢)
3¢? m% +(2) -(2) +(2) -(2)
7pf:—‘(4A12 —4ALT = ALY+ AL
m*p
-7 B - 155 +5A1,), (50d)
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[38)

0 =221 + 5% =[O - 1) g, (s0e)
mEo) ) @, @y M)
0= -0 -1+ 1) - TP (sor)

Note that also these equations are not independent but are
related to each other as a consequence of the Bianchi
identities. Indeed, one easily checks that

CRARIE) <Ebs) 4AKgf =0,
Qgsf( _ 3Q%f _ 4AQ4
—3U§% —4nUf? = 6m4/}(A11‘<2) — 2L
= —c2(US® =31 —anu®), (51)

which shows that the corresponding linear combinations of

the scalar equations become identical. Symbolically, this
can be written as

(50c) — 3(50a)

= —c?[(50d)

—4A(50e)
—3(50b) —4A(50f)].  (52)

Hence, one of the Egs. (50) is redundant and can be
omitted. The remaining five equations then determine the
five gauge-invariant scalar potentials IT@), 12i @, IZ(2>.
We will solve these equations in the following section for
the special case of a static point-mass source.

V. STATIC SPHERICALLY
SYMMETRIC SOLUTION

Using the gauge-invariant field equations (50) derived in
the preceding section, we are now in the position to
construct an explicit solution. The starting point will be
a point mass, which we discuss in Sec. VA. We will then
determine a solution for the gauge-invariant potentials in
Sec. V B. From these we will derive the metric components
in Sec. V C, reversing the procedure detailed in Sec. IV A.
By comparison with the metric ansatz (19), we read off the
PPN parameters in Sec. VD. We finally discuss a few
limiting cases in Sec. V E.

A. Point-mass source

The matter source we consider for our solution is a static
point mass located at the origin of our coordinate system,
which is constituted by masses MY and M/ with respect to
the two matter sectors. Invoking the interpretation of the
matter sectors as visible and dark matter, this would
correspond to a source containing both visible and dark
matter, unless one of the masses vanishes. This choice is the
most general one and includes the physically relevant case
of a galaxy with a dark matter component, as we discuss

PHYSICAL REVIEW D 95, 124049 (2017)

later in Sec. VI B. A source of this type is characterized by
the matter variables

5(x)
p? = MIS(X), pl = Mf?7
mef =0, pof=0, o =0, (53)

where we have normalized the delta function in p/ with the
spatial volume element ¢® of the unperturbed metric
f /(4(:)/) = czr]”,,. Note that this factor cancels the volume
element in the corresponding superpotential (20). Using
isotropic spherical coordinates, the superpotentials, thus,
read

70 = —-M9r. (54)

For later convenience, we also list the second-order
derivatives of the superpotentials, which take the form

y s
5U>’ Dyt = =2 w

r

XX
)("Uf = M9S <’3/ _ (55)

r r

These will be used when we read off the PPN parameters in
Sec. VD.

B. Gauge-invariant potentials
We will now determine the gauge-invariant potentials
I li(z) , 12i @, 12(2) by solving the scalar part (50) of the field
equations at the second velocity order, where we assume
the matter source given by the point mass introduced above.
It will turn out to be convenient to use rescaled mass units

M =M.
(56)

my=mg, my = cms M9 = M9,

We then start with the purely algebraic equations (50e) and
(50f). Using the definitions above, these take the form

~2
m — — ~

0= 29( ;‘(2) + 12(2) _ I'lf‘(z) _ ]1(2)) + m4ﬁl4(2) (5721)
2 ;

0="2(0" -0 =1/ + %) —m*Br; . (57b)

Here we choose to solve these equations for the potentials

12i @), The solutions are given by

£2) (D) 1
12 = I] - <~—
g

1\ e
== ~—2) m*BI;® . (58)
ny

We can use this relation to eliminate 12jE @ from the

remaining equations. Using the linear combination (52),
which together with the boundary conditions yields
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% =2n", (59)

@

we can then solve for 7, and obtain the solution

-0 _ 1 o
I _27211 : (60)

where we have defined the mass parameter
5 =1 1
p=m> |l —5+=5)- (61)
m; m

We now take a suitable linear combination of the scalar

. . . +(2
equations (50a) and (50b) so that the terms involving I, @

cancel. Eliminating 7, @ and I;(z) with the relations (58)
and (60), we obtain

R
9 f

)

which is a screened Poisson equation for 7, . The solution

is given by

o
—©) M7 M\ e
[Y=-%5-=)—. 63
: (ﬁqg m}) 61 (63)

From the relations (59) and (60) then immediately

follows
I_(g)_ Mq Mf e M
> =G ) e
9 f

_0 Mﬂ Mf e Hr
5% = (55 T (64
g f H

Inserting these results into the scalar equation (50a), we

obtain an equation for I;rm

expressed as

, which is most conveniently

my—my M? + M
A(lf(z) +H11(2>) =———08(%). (65)
g 7 ny + my

This is an ordinary Poisson equation, and one immediately
reads off the solution

Y X o2
e = M M 1= g

~2
g
T2 ~271
mg+mf

C i+ Ay

~2 " =2 :
my 6nr

(66)

g+ my dxr g+ g

PHYSICAL REVIEW D 95, 124049 (2017)

Finally, making use of the relation (58) yields

) M+ M1 ”7152;_”71; MY M\ e
L === ~24_+~2 2\ 2 52 12
mq—l—mf wr my+ F\my - my nr

(67)

This completes the solution of the field equations in terms
of gauge-invariant potentials.

C. Metric components

Before we calculate the metric components from the
solution for the gauge-invariant potentials, it is convenient
to introduce the abbreviations

LW R N
M 8a(m2 + w2’ T 2Aml \im2 T 2
ﬁ12—~2
gt f

for a few frequently occurring constants. Further, we use
the shorthand notation

Vo(r) =1 (69)

for the Yukawa and Coulomb potentials. Using these
abbreviations, the solution derived above takes the simple
form

=421y, L%=201Y, LY=21Y,
7% = 27,V + 4*DI_Y,,
L% = 2T, )+ 2%2DI_Y,. (70)

In order to separate these potentials into the potentials
for the individual metrics, we further need to fix the pure
gauge potential 11(2). A convenient choice, which turns
out to be compatible with the standard PPN gauge, is
given by

=21y, (71)

Together with the relations (38), we then obtain the
potentials

I?’f@) =—IuYo+2u*(DENI_Y,, (72a)
B = T, Yo+ 2D+ DIV, (72b)
1% = (7, 1)V, (72¢)
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Now using the relations (34), we obtain the quantities

¢ = Ty Vo+ 24> D+ 1)I_Y,, (73a)
w9 =Ty Yy +p* (D 1)I_Y,

_%(IJF +Z_)AY,, (73b)
B = (T, +T_ Vo (73¢)

and finally using their definition (33) yields the compo-
nents of the metric perturbations

W) =27,V — 42D+ 1)I_Y,. (74a)
e(()%)) =2TyYo -4 (D - 1I Y, (74b)
hgjg) =2[ZyYo — (D + DI_Y,]6;;

+2(Z4 +72)0:0,Y,, (74c)
ef) =2ZuYo = p(D = DIV, )5

+2(Z, —7)3:0,D,. (74d)

For later use, we now insert the constants (68) and the
Yukawa and Coulomb potentials (69). Note that second-
order derivatives of these potentials contain also delta
functions, which must be taken into account for deriving
further quantities from the metric perturbations. We have
listed the relevant formulas in Appendix B. Using these
formulas, we obtain

o MM M — g

= Hr 75
O " gr(iZ + md)r 3wk + id)rC (752)
i M9 — i2m!
R =m0
m(img + my)r  3amy(mg + my)r
h(g) M+ M 2m szf 31\2 3ﬁ14Mg r
Yo da(m+ rhjzc)r 187zm m (g +m3)r ¢
oM’
53,202
[w(ur+3)+3Wf o 15
+ 671'}’;1]2(”27‘5 e M xixj—gr 6!/ s (75C)
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223 MO — it M? — 3 M’
18zmiim %(m + )

1
e Hr <)C1'Xj —g
@)

Note that the off-diagonal contribution of /;;

e e Hr

@) B Mg +Mf
U an(i it

- 3,

+[/4 r(ur+3) 4 3]M MY

6ﬂ'm(2]/.l2 r

5, j). (75d)

depends only
on the mass M’ , while the off-diagonal contribution of e??

contains only the mass M. This is a consequence of our
gauge choice (71) and the reason for making this choice.

D. PPN parameters

We can now read off the PPN parameters by comparing
the solution (75) to the PPN metric ansatz (19). Since we
have used rescaled mass units (56), it is convenient to
replace the superpotentials (20), which for a point-mass
source take the form (54), by the correspondingly rescaled
superpotentials

—MIr = —M"r,
-Mr. (76)

X =y =
7=c =—-cMr=
We, thus, use the modified PPN metric ansatz

G99 MY+ 59 M
h(()%) _ 2& +a ’

r
59909 + 79 it 0%9MI + 0% mf
ij - ij 3 it
(77a)
2) alIm? + &M’
2) FIM9 + 71T ! &I + o' it
eij =2 5” 2 3 x,xj.
r r
(77b)

Note that the observable parameters a9 = %, y9%9 = y9%9,
and 6% = 0, which govern the gravitational interaction
within the visible matter sector, are unaffected by this
rescaling and that only the PPN parameters involving the
dark sector receive constant factors. We then read off the

PPN parameters

~2 ~2 ,—ur A —ur
a99 — 3mg~—|—4fmfe . :%, (78a)
24ming(m7 + mg) 24z (m7 + img)
2 ,—ur —ur
Gff — 3ii} + e afg:73_4e ! . (78b)
24mimg (m +mg)’ 24z (i + )
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332 4 2iide

V= ~5~ ~5\
24ming (m} + my)
of _ O + 2(iig — 2} )e _pr(pr+3)+3
4 T2minG (i + ing) 36mimiu’r? '
(78¢)
gy _ e
24 (m; + mg)’
~fg _ 97’;15 + 2(7:;1% - 2}713)6_/” _ﬂr(’ur + 3) +3 ur
4 T2zing (g + my) 36mmip’r '
(784)
g0, gy —PWrEIE3 (78¢)
' 12mm2u’r? ’
1
~ ~ 3)+3
Hff _ 0’ gfg _ ﬂr(#r + ) + e HT (78f)

127:}715;42 r?

We find that the gauge condition 8 = &/ = 0, which we
have introduced in Sec. III A, is satisfied due to our choice
(71). From these parameters, we can, in particular, derive
the observable quantities

32 + diide "

24ming(my + mg)’

G = 0% =

yo9 3y + 2mze

P Ta T 32+ e 79)
which are the effective Newtonian constant and the usual
PPN parameter y. Both quantities depend on the distance r
between the mass source and the location where the
gravitational field is probed, in contrast to general relativity,
where both quantities are constant. It is further remarkable
that y depends only on the ratio m/m, of the two Planck
masses and the graviton mass u, and that this result
essentially resembles the observable parameters of sca-
lar-tensor theory with a general potential [79,80], or the
more general Horndeski class of theories [81], which
depend on the Brans-Dicke parameter @ and the scalar
field mass.

E. Limiting cases

We finally discuss a few interesting limiting cases for the
mass parameters 7, ; and u and their consequences for the
PPN parameters. These are, in particular:

(i) It is well known that in the limit m; — 0, while
keeping the parameters m and f; in the interaction
potential fixed, one obtains the general relativity
limit for the visible sector [28]. Note that in this

PHYSICAL REVIEW D 95, 124049 (2017)

limit, we also have y — oo. The PPN parameters
(78) then take the form

1
W= =l =alf = —, (80a)
my
- - - - 1
y99 = gl = 39 = IS = —— 5 (80b)
8mmy
0% = 9" = /v — o/ = 0, (80c)
while the observable parameters (79) are given by
1
r=1, (81)

as usual in general relativity.
(i) For equal Planck mass parameters m, = mg, one
obtains the PPN parameters

ayg:affzw’ agf:afg:w,
48rm? 48wm
(82a)
- 3427
799 = yff =
AT
- - 3—2e " (ur+1)e™™
gf — 7f9 — — , 82b
4 4 48717715 127tr71§/42r2 (820)
0% =o'1 =0,
é!/f — 0 g — [ﬂr(ﬂr + 3) + 3]6_”r (82C)
127/71135”2}"2 '
and the observable parameters
3+ 4e7H 3427
Getf = ———5—, = . 83
T F 1= 3 g (83

We remark that this result is similar to the PPN
parameter y in higher-order gravity, except for an
additional scalar contribution and a different sign
due to the massive graviton being a ghost in the latter
class of theories [82]. Note that the effective Planck
mass for the visible sector

2 .
mp = lim
Pl r—oo 871 Geff

(84)
is given by mp = 2m;.

(iii) In the limit 4 — oo of a highly massive graviton, we
find the PPN parameters
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1

9= ==/ = —————— 85
T T T T w2+ ) (852)
y99 = y9f = §lo = 3/T = IR , (85b)
8z (m; + ﬁz})
G — o — 1 — 9 — o, (85¢)
from which follow the observable parameters
1
Getr = r=1 (86)

8x (g +m7)’

In this case, the effective Planck mass (84) turns out
to be mp) = g + ;.

This concludes our discussion of the post-Newtonian
limit of ghost-free bimetric gravity for a static point mass.
The PPN parameters we have obtained now allow us to
discuss observable effects and, in particular, the deflection
of light by both dark and visible matter. This will be done in
the following section.

VI. CONFRONTATION WITH OBSERVATIONS

In the previous section, we obtained both a general result
and a number of limiting cases for the effective gravita-
tional constant and the PPN parameter y, as well as
additional PPN parameters which govern effects involving
a second, dark type of matter. We can now compare our
results with observations, in particular, of the deflection
of light. We will restrict ourselves to visible matter in
Sec. VI A and derive bounds on the parameters of ghost-
free massive bimetric gravity from Solar System experi-
ments. In Sec. VIB, we will discuss the deflection of
visible light by dark matter and its consistency with
observations of lensing effects by galaxies. We will further
speculate on a possible explanation for the lensing effects
observed in the vicinity of galactic mergers, in particular,
Abell 520 and Abell 3827.

A. Solar System consistency

We have remarked in Sec. V D that our result (79) for the
effective Newtonian constant G and the PPN parameter y
has essentially the same form as the corresponding result
for scalar-tensor gravity with a general potential [79,80] or
the more general Horndeski class of theories [81]. Hence,
the experimental constraints on the parameters of these
theories derived from measurements of y can directly be
translated to constraints on the parameters of ghost-free
massive bimetric gravity and, in particular, to the ratio
mg/m, of the Planck masses and the graviton mass y. An
important obstacle that must be taken into account is the
fact that y is not constant but depends exponentially on
the distance r between the gravitating mass source and the
observer. This restricts the possible experimental tests of y

PHYSICAL REVIEW D 95, 124049 (2017)

......|.........log'L
25 3.0 35 40 may

FIG. 1. Two-dimensional section of the parameter space of
ghost-free massive bimetric gravity showing only the Planck
mass ratio 7/, [rescaled to map the interval (0, c0) into
(0,1)] and graviton mass u in inverse astronomical units
may = 1 AU™! 2 1.32 x 107!8 eV/c?. The region excluded by
the Cassini tracking experiment at 2¢ confidence level is shown
in gray.

to those for which such an interaction distance can be
defined. The most precise observation of y which satisfies
this condition is the measurement of the Shapiro time delay
of radio signals between Earth and the Cassini spacecraft
on its way to Saturn, from which a value y — 1 = (2.1 +
2.3) x 107> was obtained [53]. These were passing by the
Sun at a distance of 1.6 solar radii so that we define the
interaction distance ry ~ 7.44 x 107> AU. Following
the same procedure as detailed in [79], we find that the
area of the parameter space shown in Fig. 1 is excluded at
20 confidence level. Note, however, that the assumption of
a constant interaction distance for this experiment is only an
approximation and that more accurate results are obtained
from a thorough treatment of light propagation in the solar
gravitational field [83].

B. Light deflection by dark matter

The full set (78) of PPN parameters, which we derived in
Sec. VD, allows us to discuss also the gravitational
interaction of dark matter. We first consider the parameter
@’ , which can be interpreted as an effective Newtonian
constant for the gravitational influence of dark matter ®/
on visible matter @Y. For short distances, ur < In(4/3), we
see that a%/ becomes negative so that the gravitational
interaction between dark and visible matter becomes
repulsive; however, taking into account the bounds shown
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in Fig. 1, we see that this is possible only on scales
significantly smaller than the Solar System and, hence,
does not play any role for the observed dark matter
concentrations. On the scales of galaxies or even galactic
clusters, we can safely assume ur > 1 and, thus, use the
PPN parameters obtained in the limit 4 — oo in Sec. V E.
In this limit, the gravitational effects on both test masses
and light become indistinguishable between visible and
dark matter sources. In particular, it follows that the
deflection of visible light by dark matter is likewise
governed by a PPN parameter

M
in the limit of large scales. This agrees with observations
of the deflection of light by galaxies, which contain
significant amounts of dark matter in addition to the visible
mass [58-60].

Our result plays an important role in particular for the
observed light deflection by galactic mergers, such as
most prominently the so-called Bullet Cluster 1E0657-
558 [62-65] or more recently MACS J0025.4-1222 [68].
Measurements of the mass distribution in these and other
mergers using weak lensing together with x-ray imaging
show that the gas component of the merger, which is heated
by the collision and which constitutes the major amount of
visible matter, is not at the same location as the dominant
gravitating matter contribution and that the motion of the
latter is largely unaffected by the collision. This leads to the
conclusion that their dark matter content is noninteracting
so that the dark matter components of the colliding objects
pass through each other [84]. However, observations of the
so-called Train Wreck Cluster Abell 520 [66,67] or Abell
3827 [69] show a more differentiated picture. While also
Abell 520 shows evidence for dark matter components
which have passed through each other unaffectedly, one has
further identified another dark mass concentration in the
central region, which is difficult to explain if dark matter is
noninteracting. Similar stress on the noninteracting dark
matter model is put by an observed separation between
stellar and dark matter in Abell 3827. A possible explan-
ation for these observations is to assume that dark matter
also possesses a component which interacts nongravita-
tionally [85-87].

The bimetric class of theories we studied in this article
allows for an interesting tentative model for the aforemen-
tioned observations, which hint towards the existence of
both interacting and noninteracting dark matter compo-
nents. Invoking the interpretation of the matter sector ®/ as
dark matter, as suggested in [34—37], and further assuming
that ®/ contains an interacting component, would suggest
that the central dark matter concentration in Abell 520 and
the separated dark matter concentration in Abell 3827 result
from a collision of these interacting components, while any
dark matter constituted by massive gravitons, as suggested

PHYSICAL REVIEW D 95, 124049 (2017)

in [39—42], would pass the merger unaffectedly and could,
thus, account for the dark matter concentrations away from
the center of Abell 520 or the unaffected dark matter halos
in Abell 3827. Future extensions of our work presented
here will be necessary in order to quantitatively assert the
viability of such models.

VII. CONCLUSION

We have considered the post-Newtonian limit of ghost-
free massive bimetric gravity with two mutually noninter-
acting matter sectors. From the assumption that the vacuum
field equations are solved by two flat metrics proportional
to the Minkowski metric, we have derived restrictions on
the parameters in the action. For this restricted class of
theories, we have derived the field equations up to the
second velocity order by making use of a suitable extension
of the PPN formalism to multiple metrics. We have solved
these equations for a pointlike mass source using a gauge-
invariant differential decomposition of the metric pertur-
bations. From this solution, we have read off the effective
gravitational constant G.; and the PPN parameter y for
the visible matter sector. By comparing our result to the
observed value determined by the Cassini tracking experi-
ment, we have derived combined bounds on two param-
eters of the theory, namely, on the mass of the massive
graviton and on the ratio of the Planck masses occurring in
the bimetric action.

We have further discussed the interpretation of the
additional matter sector as a possible constituent of dark
matter. From our experimental bounds, we have then
concluded that on scales significantly larger than the
Solar System and, hence, in particular on the observatio-
nally relevant scales of galaxies and clusters, the gravita-
tional effects caused by visible and dark matter become
indistinguishable from each other. It, thus, follows that dark
matter should deflect light in the same way as visible matter
does, in agreement with measurements of the PPN param-
eter y through the lensing effect of galaxies, which contain
a significant dark matter component. Another possible
experimental test of this result could be performed by
searching for possible (non)correlations between the ratio
of dark to visible matter of a galaxy and its light deflection.
Such an analysis would be most effective with data of
higher precision than available to date [88,89].

On a more speculative note, we have considered that
besides the second matter sector, also massive gravitons
could contribute to the observed dark matter content of the
Universe. The assumption that the former contains non-
gravitational self-interactions, while the latter interacts only
gravitationally, then provides a tentative explanation for the
observed separation of apparently different dark matter
components in galactic mergers such as Abell 520 and
Abell 3827. The question arises whether such different dark
matter constituents could be distinguished also in other
processes besides galactic mergers, for example, by their
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light deflection properties. An extension of our work
presented here to the light deflection caused by massive
graviton concentrations might answer this question.
There are also other possibilities to further extend the
theoretical analysis we presented in this article. While we
have studied only linear perturbations of flat vacuum
solutions, considering also the quadratic perturbation order
would allow us to calculate the PPN parameter $ and, thus,
open the possibility for additional tests using Solar System
observations. This would ultimately lead to a full gener-
alization of the formalism developed in [71,72] to massive
gravity theories. Further, one may also include cosmological
corrections to the PPN formalism along the lines of [90] and,
thus, relax the condition of a flat background. Finally, one
may consider more general theories with N > 2 metric
tensors and a corresponding number of matter sectors
[91-97] or involving an effective metric [98—101], both of
which allow for ghost-free matter coupling prescriptions [28].
We intend to study these generalizations in future research.
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APPENDIX A: LINEARIZATION OF
THE POTENTIAL

In this appendix, we show how to obtain the linearized
potentials, which enter the gravitational field equations at
the zeroth and second velocity order as shown in Secs. I[II C
and III D. The starting point for our derivation is a linear
perturbation ansatz for the metrics, which we write in the
form
(A1)

9w = Nw + huw fm/ = Cz(n/u/ + e/w)'

Up to the linear perturbation order, we can then write their
inverses as

gv =" = hy, + o(n?),

= % (1" =17 e,,) + O(e?). (A2)
For their product, we find
97 fp =8 =D") +O({h.e}?).  (A3)
where we introduced the perturbation tensor
D', = (hy, = ep,). (A4)
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Since the matrix ¢’ f,, is given as a perturbation of the
Kronecker symbol &, we can find its square root A, as
defined in (3) using a series expansion analogously to the
well-known Taylor series

\/1+x:1+)2—c+(’)(x2). (AS)
This series expansion yields
1
A', =c <5’5 - ED”y) + O({h, e}?). (A6)

For later use, we also need to expand powers of A into
linear perturbations. These are given by

(AR = ck <5*; - ]ECD”") +0O({h.e}?). (A7)

The matrix invariants e;(A) defined by (4) then take the
form

eo(A) = 1, (A8a)
1
el(A) = A, = c (4 - 51)@) +O({h.e}?),  (A8b)
1
€ (A) = E (A”;tAyv - AﬂvAyﬂ)
3
_ 2 <6 - 5Dﬂ,,) +O({h,e)?), (A8¢)
1
e3(A) = G (A*,AY AP, —3AK AV AP, +2AF AY AP )
3
_ <4 - 51)#,,) + O({h, e}?), (A8d)
1
es(A) = 57 (A"A" A7 A7, — 67V, A AP A7,
4 3AM AV AP AT+ BAR AV AP A, (A8e)
1
—6AN, AV AP A7) = ¢* (1 - 5Dﬂﬂ> +O({h,e}?).
(ASf)

For the matrices Y, defined via (8), we then find the
expressions

Y,(4) = 8.+ O({h, e}?), (A9a)

Y’fD(A):c(—35ﬁ—%Dﬂb+%D”p6’5)+O({h,e}2), (A9b)
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Y4, (4) = 236 + DY, — D, 5t) + O({h.e}?).  (A%)

1 1
YZD(A) = C3 (_5,1/4 _ED'uZ/ +§D/}p5;lj) +O({h3 e}z)' (Agd)
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In order to obtain the corresponding expressions for
A~!' = /f g instead of A, one simply replaces D by —D
and c by ¢~!. We can now calculate the potentials (7). Using
renormalized parameters Bk = c*By, we obtain

. - L. 1- -~ 1-
Vi, = [(ﬂo + 301 + 36 + 3 ) — <§ﬂ1 +pr+ §ﬂ3>’7ﬂl/’7ﬂo—<h’/)o‘ - e,5)

. . 3.
+ <ﬂ0 +§ﬂ1 +4p, +5ﬁ3>

| B ~ ~ ~ 1~ ~ 1-
V/J:u =3 [(51 + 302 + 365 + Pa)l + <§,51 +p+ §ﬂ3)'7yy77p6(hpa —€,5)

3. y .
& (55w ab ot T e

Finally, we calculate the trace-reversed potentials (10), which are given by

_ ~ ~ ~ ~ 1~ 1~ 1~
ng = |:_(ﬁ0 + 3:6] + 3:62 +ﬂ3)’7uu + <ﬂ1 + EﬂZ + 4ﬁ3>7/]}41/’7ﬂ6(h/)o‘ - epo‘)

1

2

C

( +5 ﬁ1+2ﬁ2+ ﬁ3)
vl - {

1= - 5.
(E + 26, + §ﬂ3 +ﬁ4> e,

These expressions can now be used in the post-
Newtonian field equations at the zeroth velocity order in
Sec. III C and at the second velocity order in Sec. III D.

APPENDIX B: DERIVATIVES
OF THE YUKAWA POTENTIAL

During our calculation, we have frequently encountered
(mostly second-order) derivatives of the Yukawa potential,
for which we introduced the shorthand notation

—kr

(B1)

Taking into account the singularity at the origin, its second
derivatives are given by

0,0,V = {[kr(kr +3) +3] x;ff -

4z
- 5,0(3),

S
(kr +1) g}e‘k’
r

(B2)

1= 1. 1-
( + 3B, +3p5 + ﬁ4)’7,w (Zﬂl + iﬂz + Zﬂ3>’7yu’7””(h,m —€,)

By — G/}l + 5 +%ﬁ3>eﬂy] + O({h, e}?), (A10a)
= (;Bl + 5, +;B3) hw] + O({h.e}?). (A10b)
- (31 + B2+ 351 e | + O, (Al1a)

- (%/?1 + 5 +%B3>h4 + O({h, e}?). (Al1b)

[
which is a straightforward generalization of the well-known
formula for the Coulomb potential [102]. Taking the trace
yields the standard formula

—kr

AV = kS — 4ns(3). (B3)

These formulas cover all expressions which appear in the
final result for the Ricci tensor and the interaction potential.
Note that during intermediate steps also fourth-order
derivatives of the Yukawa potential occur in derivatives
of the metric perturbations. For completeness, we also list
the corresponding expressions. From the formula given
above, immediately follows

5.
00,0V, = k2{ ler(kr + 3) + 3] 252 — (kr + 1) —’;}e—kr
r r

4 2
3 5,0(7) — 420,0,6(3)

o (B4)

124049-16



POST-NEWTONIAN PARAMETER y AND THE ...
and, thus,

e—kr

ANV, = K5 — — 47k28(%) — 4nAS(%).  (B5)

r

These are all terms which occur during our calculation.

APPENDIX C: CHECKING THE FIELD
EQUATIONS IN COMPONENTS

Since we have used a rather technical transformation of
the field equations to gauge-invariant potentials in Sec. IV
F and the corresponding inverse transformation of their
solution to metric components in Sec. V C, it is appropriate
to check the obtained result also using the field equations in
their original component form as shown in Sec. I D.
While this is rather cumbersome using the explicit expres-
sions (75) and requires careful tracking of singular con-
tributions from higher derivatives of Coulomb and Yukawa
potentials, it becomes considerably simpler by using the
abbreviations (69) starting from the expressions (74) and
finally evaluating higher derivatives using the formulas
shown in Appendix B.

From the expressions (74), one easily reads off the traces

h) =23y Yo = 32D+ VIV, + (T, +I_)AY,],
(Cla)

eff) = 23TV - 32D - VIV, + (T. —~T_)AV,]
(C1b)

of the spatial components of the metric perturbations.
Using the formulas (31) for the potential at the second
velocity order, we then obtain

ViR — VI — BT (3,2), + AY,), (C2a)

(2) _ 12 _ _7
Vlg] = —szij ——ﬁI_(3,uzyﬂ5U—Ayﬂﬁu—Zﬁlalyﬂ)
(C2b)

Further, we need to evaluate second-order derivatives of
the metric, which read

h(()%))lj = 2IM8,~(9,~3)0 - 4/42(2) + I)I—aiajyﬂ’ (C3a)
eé%))jj = 2IM8,~(9]~)70 - 4/“2(2) - I)I—aiajyﬂ’ (C3b)

2R + m*Vey) = —

m2(M? + MP)AYy — (M) — M%) (AY, - i2Y),)
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Ae(()%)) = ZIMA:)}() - 4/'42(1) - 1)I—Ayﬂ’ (C3d)
he; = 22y0,0,Y0 = 31>(D + 1)I_0,0,),

(T, +T7.)0,0,A),), (C3e)
el(i),ij = 2[3IM8,'8J'3}0 - 3M2(D - I)I—aiajyﬂ

(T, =T.)9,;0,A)),), (C3f)
Ah,(-JQ-) =2[Ty AV — (D + )I_AY,]8;

+2(Z, +1.)9,0;AV,, (C3g)
Ae,('jz') =2[ZyAYy - (D = )I_AY,]5;

+2(T, —=1.)9,0;A),, (C3h)
AR = 23T, AV, - 31D + I_AY,

+ (T +I)ALY,, (C3i)
Aez(zZ) = 2[3IMAy0 - 3ﬂ2(D - I)I—Ayﬂ

+ (T -I)AAY,, (€3j)
hz('li)jk = 2[Z10:0;Y0 = (D + 1)I_0:0,)),

(T, +T7.)0,0,AV,), (C3k)
el = 20Ly0:0,Y0 — (D = 1)I_9,0,,

Inserting these expressions into the formulas (30) for the
Ricci tensor then yields the components

RE® = 7, AYy+ 22D+ VI_AY,, (C4a)

R = Ty A6, + (D £ )I_(AY,6,; — 8,0,,).
(C4b)

Inserting the expressions (C4) and (C2) into the second-
order field equations (29), applying the definitions (68),

and using the relations for the Coulomb and Yukawa
potentials listed in Appendix B finally yields

(C5a)

7 o2
=500 = T3,
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(MY + M) DYy + (M = 2B0) (DAY, —12Y,) i

PHYSICAL REVIEW D 95, 124049 (2017)

)
m _
LR + VY =~

= 5% =T, Csb
c 00 4] 87[C2(ﬁ15 + rhjzc) 2 ()?) 00 ( )
72 (MY + MOYAY, — (72MF — ~2My)(Ay —u?Y,) V19
i@ apee) MM+ MT)AY, — (mgM” — iy W=V M _ 29
772 52 (1! v S200f 52 2 ~
M5 RI@ | @ MY+ M) AYy + (mgM” — M) (DAY, — p yﬂ)é__ _ %fg(f)@. _ O (C5d)
¢ty i 87102(1’715 + ﬁij%) o2 Y o

This shows that the field equations are indeed satisfied.
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