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Black holes in multimetric gravity. II. Hairy solutions and linear stability
of the non- and partially proportional branches
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Owing to our work in part I of this series of papers, it is understood that the analytically known black
hole solutions in the theory of ghost-free multimetric gravity can be split into three distinct classes and that
one of these classes—the proportional branch—exhibits the Gregory-Laflamme instability at linear level
in the metric perturbations, whenever the black hole horizon size is smaller than (roughly) the Compton
wavelength of the theory’s lightest massive graviton. In this first of two sequels, we determine the linear
stability of the two remaining classes of black hole solutions—the nonproportional and partially
proportional branches—and discuss how our results likely differ at nonlinear level. We also give a
general prescription to construct multimetric solutions describing black holes endowed with massive
graviton hair, which may constitute the end state of the instability in the proportional branch. We utilize a
tractable example model involving three metrics to see how this works in practice and determine the
asymptotic form of its corresponding hairy solutions at infinity, where one can clearly see the individual
contributions from each of the graviton mass modes.
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I. INTRODUCTION

Theories of massive and multimetric gravity have gar-
nered considerable attention in recent years, owing to their
ability to potentially say something meaningful about a
number of problems at the interface between gravity and
particle physics [1-5]. These theories extend general rela-
tivity (GR) by introducing additional interacting massive
spin-2 fields over and above the single massless graviton of
GR, whose presence can influence the gravitational dynam-
ics in interesting and useful ways; for example, one can talk
about possibly solving the hierarchy problem [6—-8], and the
theory may contain a viable dark matter candidate [9—12],
among other niceties. Nonlinearly, the inclusion of these
additional spin-2 fields manifests as a framework in which
multiple metric tensors interact with one another on the
same spacetime manifold (hence the name “multimetric
gravity” or sometimes just “multigravity”).
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As with any theory of modified gravity, these multi-
metric theories must pass both observational and theoreti-
cal tests to at least as high a degree of precision as GR in
order to be considered viable alternatives. It is, therefore,
of paramount importance that we determine whether these
theories are, at the very least, theoretically consistent,
before we can then go on to investigate where they might
give predictions that are testably different from GR. One
such theoretical requirement is of course that a given
theory should possess stable solutions that are able to
describe real physical systems existing in our Universe; the
natural arena to probe in gravitational theories is that of
black holes, since they do exist and provide a convenient
window into the strong curvature regime in any classical
theory of gravity.

In part I of this series of papers [1]—which we will recap
in more detail in Sec. Il of this work—we explicitly
constructed a wide class of black hole solutions to the
general theory of multimetric gravity (in arbitrary spacetime
dimension) and found that they can be separated into three
distinct classes depending on whether the various metrics
can be simultaneously diagonalized. We also showed that
the simplest of these three solution branches (the propor-
tional branch) can exhibit an instability whose defining
equations are equivalent to those governing the Gregory-
Laflamme instability afflicting black strings in theories with
extra dimensions [13-15], depending on the mass of the
theory’s lightest graviton. Our results directly extended and
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generalized the analogous results already known in four-
dimensional de Rham-Gabadadze-Tolley (dRGT) massive
gravity and bigravity [16-27] and shed some additional
light on the nature of the instability and its relation to
dimensional deconstruction [7,8,28,29]—we will have a
little more to say on this in Sec. I B as well.

This time, in part II, we determine the linear stability of
the remaining two branches of analytically known black
hole solutions (the nonproportional and partially propor-
tional branches) and conjecture upon how our conclusions
from the linear analysis may change dramatically if one
were to consider nonlinear effects. Building on from part I,
we also give a prescription to construct more generic
spherically symmetric black hole solutions in these multi-
metric theories that are posited to exist beyond the insta-
bility threshold in the proportional branch. That such
solutions should exist can be understood purely on the
grounds that once the instability ensues, it must necessarily
saturate somewhere, and if the initial state is spherically
symmetric, then so too should the final state be (unless one
wishes for cosmic censorship to be violated). In practice,
constructing these solutions is extremely difficult even for
the simplest of toy models and must be done numerically.
Nevertheless, one can still understand the generic procedure
one must follow in order to construct these solutions.
Moreover, perhaps more usefully, one can glean physical
information by considering the asymptotic behavior of these
solutions at infinity, where it can be clearly seen (analyti-
cally) that they describe black holes supplemented by
massive graviton hair. Such hairy black hole solutions have
been explicitly constructed already in bigravity [30-32],
where the solutions are built by analytically determining
their asymptotic form at infinity and then numerically
solving the boundary value problem defined by these
asymptotics. The presence of additional metrics complicates
matters significantly; indeed, we feel the full numerical
calculation warrants a separate article that will form the final
installment in this series of papers, but we will still provide a
blueprint here that one may follow if one wishes to construct
these solutions for a generic multimetric model, as well as
an explicit calculation of the asymptotics for an example
model with three metrics that still contains the relevant
physics.

The structure of this work, then, is as follows: in Sec. II
we review multimetric theory and provide a recap of what
we did in part [; in Sec. III we determine the linear stability
of the nonproportional and partially proportional branches
of black hole solutions; in Sec. IV we provide a general
procedure by which one would construct the hairy black
hole solutions for any multimetric theory and use it to
determine the asymptotic form of one such solution in an
example model with three metrics (we will save the
numerics for part III); finally we conclude in Sec. V.

We work in natural units ¢ = 7 = G = 1 throughout and
always use a mostly plus metric signature.

II. RECAP OF PART I: MULTIMETRIC THEORY,
BLACK HOLE SOLUTIONS AND INSTABILITY
OF PROPORTIONAL BRANCH

We begin this first sequel with a synopsis of our precursor
work [1]. The theory of multigravity can be formulated in
two different ways: one may work in either the metric
formalism, where the potential governing the interactions
between the various metrics is constructed from the metrics
directly, or the vielbein formalism (also known as the fetrad
formalism), where it is instead written in terms of a wedge
product between the different tetrad 1-forms associated to
each of the metrics. Both approaches have their benefits and
drawbacks and are useful in different situations; in part I, we
used them both to tackle different problems, though we still
explained how one may convert between formalisms if one
so wishes. In part II, we shall work exclusively in the metric
formalism, since to discuss stability we will be concerned
with linear perturbations around the background black hole
solutions; in [1] we saw that the metric approach is most
appropriate for this problem. Naturally, our intention is that
parts I, I and eventually III be read in conjunction with one
another, so if the reader wishes to know how the calculations
we shall present here would look in the language of
vielbeins, we direct them to [1].

The starting point for all our analysis, then, is the metric
version of the standard ghost-free multimetric action, /, in
vacuum':

I:IK+IV’ (1)

D
Iy = _Z/dl’x —detg; Zﬂg;lz’])em(si—»j)’ (3)
iqj m=0

where the kinetic term is simply N copies of the Einstein-
Hilbert action (one for each metric) and the interaction
potential is built by summing the elementary symmetric
polynomials e,, of the eigenvalues of the characteristic
building block matrices:

along with some arbitrary constant parameters ﬂ,(,i’j ) = ,(,{’[)
(of mass dimension D) to characterize the interactions

between gf,l,,) and g,(f,,) In Eq. (4), the matrix square root is

'We shall in the later sections restrict ourselves to work in
D = 4 dimensions, for simplicity of the stability analysis, but for
the moment we shall maintain generality.
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FIG. 1. Directed theory graph representing some generic multi-
metric model. The nodes represent different metrics, the edges
indicate interactions and the arrows point in the direction of
positive interaction orientation. Each metric generically has a
number of interactions of either orientation, and each edge
contributes a term to the field equations of the two metrics it
connects; these terms are orientation dependent.

i g<")*‘lggi), while the
elementary symmetric polynomials can be explicitly con-
structed iteratively in terms of the trace of S, starting from
eo(S) =1, as

defined in the sense that (57 .)/

) Tr(S")e,_n(S). (5)

S

Lastly, since S;_; = S7.,, there is a sense in which these

j=b
interactions are oriented: we say that a term in the potential,
Eg. (3), that contains S;_,; (not §;_,;) is positively oriented
with respect to the ith metric and negatively oriented with
respect to the jth metric. The orientation of an interaction
with respect to a given metric affects the form of that
metric’s field equations, as we will see.

The simplest way to view the interaction structure of a
given model is as a directed graph [17,33], as depicted in
Fig. 1. Symmetries of a particular multimetric model under
permutations of the metric labels and swapping of inter-
action orientations can then be equivalently viewed as
symmetries of said model’s directed theory graph.

While somewhat unwieldy, it is crucial that the inter-
actions between the metrics take this form, lest the
Boulware-Deser (BD) ghost [34] be resurrected.
Precisely, there is a particular constraint within the theory
that kills the ghostly degree of freedom; departing from the
interaction structure given by Eq. (3) leads to this constraint
becoming dynamical and so revives the ghost [35-41]. The
requirement of ghost freedom further restricts one to
consider only those multimetric theories that do not involve
any interaction cycles (a cycleise.g. 1 =2 -3 —> 1, so
the potential contains all three of S;_,,, S,_,3 and S;_,;); the
interactions between metrics must strictly form a tree
graph [42,43].

The vacuum field equations that arise from the action (1)
are as follows:

M?—ZG(t’)ﬂD + W(l’)uy =0, (6)

where the new term W characterizes the effect of the
interactions over and above the standard GR interactions. In
the metric formalism, it is explicitly given by

= ZZ
D
+ZZ mﬂD m ) (S/:—n) (7)
k

m=0

mﬁ” ( 1—>])

where (with respect to the ith metric) j denote positively
oriented interactions, k denote negatively oriented inter-
actions, and we define

—1)r8mne, (S). (8)

As an example, to see how this works more explicitly, the
metric furthest to the right in Fig. 1 has only a single
negatively oriented interaction with its nearest neighbor.
Denoting the furthest right metric as g!!) and the nearest
neighbor as ¢\/), the vacuum field equations for ¢!/ read

MP=2Gr +Z nay ()(Sj—u) 0. (9)

Finally, as a result of the Bianchi identities for each
Einstein tensor, the covariant divergence of each W tensor
must also vanish:

Virwl) =0 v i (10)

We refer to this condition as the Bianchi constraint; it tells
us that there can be no flow of energy-momentum across
the interacting metrics.

A. Black hole solutions: Proportional, nonproportional
and partially proportional branches

The black hole solutions we constructed in part I can be
subdivided into three distinct classes, depending on
whether the various metrics are simultaneously diagonaliz-
able [1].

The cleanest and most unified way to construct these
solutions is to work with the following Kerr-Schild ansatz
for the multigravity metrics [25,44]:

i rs.i
o) = a? (g,(ﬁ) +71,,lp>, (11)

where the a; are constant conformal factors® (one of which
can be fixed by coordinate rescaling but the rest are

’In fact, the Bianchi constraint enforces their constancy [16].
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physical as all metrics live on the same spacetime mani-
fold), ¢ is the D-dimensional (anti-)de Sitter [(A)dS]
metric with cosmological constant A, the r,; are indepen-
dent Schwarzschild radii for each metric, U is some scalar
function of the coordinates, and [ is a vector tangent to a
null-geodesic congruence on (A)dS. We again direct the
reader to part I for explicit expressions of these various
functions [1], as they are fairly long winded and can differ
depending on whether the spacetime dimension is odd
or even.

Continuing on with this ansatz, the Einstein tensors are
diagonal, with components

Sl (12)

while the W-tensor components become

b in(D-1
[ (7] Y
+ Z ZﬁD m( )afa;’"]

1, a; i
2U Z “(rsi=re))oiy
] 1
> - >§;2], (13)
i

D . /D=2
- k,i m— —-m
o= Jaran 9

The plus and minus sigma variants are related to one

another by
_ a; D-2
@) e

so we see that the o’s live on the interaction links between
any given pairs of metrics (since for an interaction built

The eagle-eyed reader may note that we have changed

notation from part I slightly here, from E(i) ( ) . This is to
more readily account for general interaction structures with any
number of positively and negatively oriented interactions per
metric, as opposed to only accounting for the chain- and star-type
interactions as we did originally in [1] (as well as to avoid clutter
with the summation symbols).

from §;_,;, W() will contain a( ) while W 9" will contain

o)

o}, butnow we see these terms are just proportional to one
another; put another way, if one vanishes, so does
the other).

In order for the ansatz Eq. (11) to be a solution of the
multimetric field equations, two things must happen. First,
the diagonal (8,) part of the W tensors must specify the
value of the effective cosmological constant. More pre-
cisely, directly from the field equations one finds that the
cosmological constant should satisfy the following set of N
simultaneous equations [1]:

) aja;™

-3 (%)
+;iﬂgz‘;(”‘

m=0

MD2

1
)ka’" Vi (17)

which, after fixing one of the a; via coordinate rescaling,
can be solved exactly for A and the remaining N — 1
conformal factors, the physical solutions being those with
real A and q;.

Second, the off-diagonal (/#/,) components of the W
tensors must vanish. This can be achieved in multiple ways.
The simplest is to take all of the Schwarzschild radii to be
the same:

=1y Y I (18)

these are the proportional solutions, since all the metrics
become simultaneously diagonal, and are proportional to a
common GR black hole solution.

The next simplest is to make all of the ¢’s vanish:

a§j> =0 V ij (19)

these are the nonproportional solutions, since all of the
Schwarzschild radii are independent and the metrics cannot

be simultaneously diagonalized. For a given set of ﬁﬁ,’l" )
(which fully specify the multimetric model in question)
these are polynomial equations that fix the ratios of
neighboring conformal factors. To ensure that the field
equations are satisfied, the same ratios that satisfy Eq. (19)
must also satisfy Eq. (17). This, however, is only true for

certain choices of ﬂ%’j )

that 05? = 0, then only one of Eq. (17) actually fixes A,
while the rest act as constraints on which multimetric
theories permit this class of solutions.

Finally, the most general solutions allow for combina-
tions of both conditions (18) and (19) for different
interaction pairs; these are the partially proportional
solutions, since only some of the metrics share the
same Schwarzschild radii and can be simultaneously

. That is to say, if we assert a priori
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diagonalized. In detail, if there are n total interaction links
that have o-l(-;) =0 (n can therefore be at most N — 1), n + 1
of the conformal factors are a priori fixed before checking
whether the cosmological constant equations are satisfied
(the additional 1 is fixed by coordinate rescaling).
Consequently, the N diagonal equations (17) split into
N —n algebraic equations for A and the remaining

N —n — 1 free conformal factors, as well as n equations

that become constraints on the ﬁ,(,i") parameters of the
theory. Again, this means that only for finely tuned
interaction coefficients can these solutions exist.

In terms of the graph structure of Fig. 1, each edge in a
given theory graph corresponds to a specific interaction

between a pair of metrics and so comes equipped with its

own al(j) and its own pair of associated Schwarzschild radii

(one for each of the two metrics or nodes adjoined by the

edge in question). One may choose to either set al(j) =0or

ry; = I, along every edge in the theory graph; the three
branches of solutions outlined above correspond to the
different choices one can make in implementing this
procedure. This diagrammatic picture also makes it clear
that the partially proportional branch exists only for N > 2
metrics: if one has exactly two metrics, then the corre-
sponding theory graph contains a single edge, so there is

only a single choice to make in setting either agf;) =0

(nonproportional) or r; = r, ; (proportional) along it.
The three branches of black hole solutions described
above to date comprise all the analytically known black
hole solutions of multimetric gravity, and since they are
based on the Kerr-Schild ansatz (11), they contain the
multimetric analogs of all known black hole solutions of
GR—in part I we dubbed them “GR-adjacent” black holes
for this reason. Owing to the existence of non-GR-adjacent
solutions in bigravity describing black holes supplemented
by a cloud of massive graviton hair [30-32], we further
conjectured that similar hairy solutions should exist also in
the full multimetric theory but omitted their determination
due to the complexity of the calculation. As we mentioned
in the introduction, we shall begin to cease shirking this
responsibility this time around and give a procedure by
which one may construct them generally in Sec. IV,
alongside an explicit calculation of the asymptotic form
of the solution for a toy model with N =3 metrics,
although we still save the full numerical calculation for
part III. Before we get to that point, however, we would like
to discuss the stability of the GR-adjacent solutions. Part I
took care of the proportional branch, which we will recap
below; then in Sec. III we will extend these results to the
nonproportional and partially proportional branches.

B. Instability of the proportional branch

Perhaps the main result of part I was that the instabilities
of the proportional branch of solutions which have been

known for a decade in bigravity [26,27,45] carry over
naturally to the full multimetric theory. To see this, one
must linearize the field equations and consider the dynam-
ics of the metric perturbations. Around the proportional
solutions, which we can always write as g,(fy) = a%@w for
some GR black hole solution g,,, this calculation simplifies
greatly, as the perturbations acquire a standard Fierz-Pauli
mass term: we showed in [1] that the spin-2 mass

eigenstates H,(j,,) (which are linear combinations of the
original metric perturbations) have dynamics given by
OH,) + 2R, HY) = m2H), (20)
where the barred quantities are constructed from the
common background metric g,, and all indices are manip-

ulated with g,,. The graviton square masses m?

¢ are the
eigenvalues of the following mass matrix:

2
2 a; aj (+) Ak (-)
= (el )
a;\ 4D a%o,(f)
Mj; = <a—J> My == (22)
i (MjMi) 2

which one can show always possesses one 0 eigenvalue [8],
so the theory propagates at linear level a single massless
graviton and N — 1 massive gravitons.

Equation (20) with g,, taken as the D = 4 Schwarzschild
[-(A)dS] metric are precisely those equations studied in the
context of the Gregory-Laflamme (GL) instability plaguing
black string solutions in theories with extra dimensions
[13—15]. Therefore, the very same instability is present in
the multimetric theory too; precisely, it transpires that the
proportional Schwarzschild[-(A)dS] solution becomes
unstable if, for any of the m; [1,27],

<0.876. (23)

s~

m;r

Put more plainly, a Schwarzschild black hole in any
theory containing massive gravitons becomes unstable if
the horizon size of the black hole in question becomes
comparable to or smaller than (roughly) the Compton
wavelength of the theory’s lightest massive graviton. The
form of this instability is exactly the same as the GL
instability of a black string.

In part I we argued that this should be unsurprising: one
may think of gravity in an extra compact dimension as the
so-called “continuum limit” of a multimetric theory with
chain-type interactions, where the various metrics are to be
thought of as corresponding to discrete locations in the extra
dimension, separated by some distance oy [7,8,28,29]. The
continuum limit is taken by sending N — oo and 6y — 0
while keeping their product fixed (corresponding to the size
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of the additional compact dimension). The five-dimensional
black string solutions, which are well known to suffer from
the GL instability, are precisely what becomes of our
proportional multimetric black hole solutions in this limit,
so it makes sense that the same behavior should also be
present in the discrete theory.

The really interesting part is that the instability is present
purely in the four-dimensional multimetric theory, even
away from the continuum limit and even for more generic
interaction structures than the chain, suggesting that the GL
instability may not be an inherently extra dimensional
phenomenon but may in fact be related to the fundamental
nature of massive spin-2 interactions. Indeed, we would
like to propose that the reason the GL instability is present
in the black string system is not one of extra dimensional
origin at all; rather, it is a consequence of the fact that the
Fourier modes of the black string look like massive
gravitons.

If g, is taken to be the D = 4 Kerr metric, thus allowing
for black hole rotation, then the GL instability is still
present. The graviton mass threshold at which it becomes
active is altered but remains roughly at m;r, ~ O(1) [46].
There are also superradiant instabilities associated with the
azimuthal modes that are not present in the Schwarzschild
case [27,47-50], but it was shown in [46] that their growth
is subdominant to that of the GL mode in the vast majority
of the parameter space. Thus, a proper understanding of
how the GL instability saturates in the multimetric theory is
necessary, which will require a full nonlinear analysis using
numerical simulations (work is ongoing to make this a
well-posed dynamical problem—see [51] for the case of
dRGT massive gravity with flat reference metric). Still, we
shall see in Sec. IV that there is a strong suggestion that the
hairy solutions we provide a blueprint for may represent the
true end state of the instability.

III. LINEAR STABILITY OF NON- AND
PARTIALLY PROPORTIONAL SOLUTIONS

We turn now to look at the non- and partially proportional
black hole solutions. In bigravity, with N = 2 metrics, it has
been known for some time that the nonproportional
Schwarzschild solution is classically mode stable [45,52],
owing to a rather unconventional, non-Fierz-Pauli form for
the perturbation equations that leads to the black holes
sharing their quasinormal modes (QNMs) with those of the
standard Schwarzschild solution in GR. As a result, only the
two tensor modes of the massive graviton appear to
propagate at linear level, while the vector and scalar modes
are nondynamical. We will have some more to say on this
peculiar feature later; the goal initially, however, is to simply
extend the bigravity analysis to the full multimetric theory,
as well as to the partially proportional branch, to complete
our cataloging of the linear stability of multimetric
black holes.

As mentioned, away from the proportional branch the
structure of the perturbations becomes highly nontrivial, so
for simplicity we shall work in this section exclusively in
D =4 and restrict ourselves to nonrotating black holes
only [namely, multi-Schwarzschild-(A)dS black holes].
The spherical symmetry of these solutions will aid the
stability analysis to follow, as we will see.

Following the approach taken in bigravity [45,52], it
proves useful to express the background metrics in
(advanced) Eddington-Finkelstein coordinates as

A
dsf) =a? {_ (1 —““‘3"2) &2 +2dvdr+2dQ3 |, (24)
r

which is of course related to the Kerr-Schild form in
Eq. (11) by a coordinate transformation. In these coordi-
nates, the characteristic building block matrices take the
simple form

[ 0 0 O]
a_/‘ (”\-.]’Z_r”s,i) % 0 0
Sini=1" ' . (25)

0 0 % 0

a;

0 0 0 %

a;

By substituting this into Eq. (8) and then Eq. (7), one
finds that the only nonvanishing off-diagonal background
W-tensor components are the W\’ terms, given by

a7 (i)r ! aj o)
W( )v = Z lzz (rs,i - rSvj)GiJ-

a —
] e

reflecting the form of Eq. (13).
We now perturb the metrics as

ghi) = G + S (27)
The spherical symmetry of the background allows one to
decompose the perturbations into separate axial and polar
contributions, expanded in a complete basis of tensor
spherical harmonics. It also ensures that the various azimu-
thal modes of these contributions completely decouple from
one another. In Fourier space, the decomposition reads

2
() _ ai /oo Ziwp e~ ()lm
oqu, (v, r,0,¢) = dwe ™50, (w,r,0,0),
Gy ( ®) Elm o) o G ( ¢)
(28)

where
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5@5}2”’1 = 5g£?axvlm + 6§£i3pol,l;n

, (29)

with the axial and polar contributions explicitly given by [suppressing (i) indices, and indicating symmetric components with

asterisks] [27,52]

[0 0 B (w.r) csc00,Y 1 (0.) —h (. r) sin00,Y (0. )
s _ 0 hi"(w.r)csc00,Y,,(0.9) —hi"(w,r)sin00yY,, (6, d) (30)
" x o« —hi(w,r)csc0X,,(0,¢)  hi"(w,r)sin6Z,,(0, )
[+ % * him(w, r) sin 0X,,,(0, ¢)
[HY (0.1)Y 1, (0.) HY (0.0)Y 1, (0.0) 1" (.7)0Y 1,(6.)) M (@.1)04Y 1, (0.99) ]
* HY(0,7)Y1,,(0,0) 7™ (w,7)05Y 1, (0, ) n"(@.7)0,Y 1,,(0. )
m K™ (w,7)Y (6,
5~M<y)l,l _ % " o (a) r) 1 ( ¢):| rZGlm(w,r)le(G,d)) (31)
+G"(0,7)Z1 (0, )
K Y, (0
* * ¢ rzsinzé'[ (@.1)Yin (0. 4)
L —Glm(a),r)Zlm(e,gb) |

Here, Y, (6, ¢) are the spherical harmonics, and the
functions X,,,(0, ¢) and Z,,,(0, ¢) are given by

le (6, ¢) = 2a¢ (at‘)Ylm — cot eylm)’ (32)

Zlm<9v ¢) = 6§Y,m - cotﬁangm - csczeaéYlm, (33)
while all of the functions of (w, r) are free.

The full details of the procedure to extract the linearized
field equations from metric perturbations around a generic
background (i.e. not necessarily proportional) are outlined
in Appendix A, following the framework laid out originally
in [53] for bigravity. The form of the contribution of a
particular interaction to the linearized W tensor is hugely

dependent on which option of ry; =r; )~ 0 is

or o, ;
chosen to make the off-diagonal part of the background W
tensor vanish along the associated link.

- 0 0
2[K”"]i’jY,m —<
A” =
—(CSC 90(/,Y1m U’lllm]i.j + aé)Ylm [ﬂllm]tj) 0
_m (0pY 1 [P, ; — c5€ 00, Y 1y [11"];;) O

As we saw in Sec. II B, choosing the first (proportional)
option, where neighboring metrics share the same
Schwarzschild radius, leads to a contribution of the
standard Fierz-Pauli form; precisely,

— gsg\). (34)

M
Wi > (8910

2

Choosing the second (nonproportional) option, however,
leads instead to a highly nontrivial but remarkably simple
contribution, which using the decomposition given by
Egs. (28), (30), and (31) takes the form

4 AP =)
SWr 5~ 1 (rs ) e (A ) (35)
4r ’
where the matrix A; ; has components [45,52]
0 0 7
csc 00, Y ,, [A™);
¢~ im 1 i ) : Im Im
SlneaﬂYlm[hl ]z —5¢Ylm[’71 ]l
+0gY [ﬂllm]i.j ’ !
[Hém}i,jylm 0
0 [HIZm]i,lem J
(36)
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Here we have introduced the notation
x]; ;= xU) — x() (37)
to denote differences between the various perturbation

functions of neighboring metrics. Lastly, the constants
out front are defined as

2
A —2(

— 612 i a i
A = 2(a—§/f§k’) + >), (39)

3ﬁ3” ) IRCY)

with the (+) [(—)] variants associated to positively (neg-

atively) oriented interactions. Note that f; is not present in

. + ..
these expressions, as we have used al(- j) = 0 to express it in

terms of f, and f;. Also note that in the bigravity case
where one typically takes ag = 1, a; = C then the linear-
ized W tensors given above reduce precisely to the
expressions quoted in [52], as they should.

If we denote the whole expression on the right-hand side

of Eq. (35) by B, ie.

A (ryi = r,))
(£ L, S\t —1(1)1/

then, like the o’s, one finds that the =’s are related by

=) =
ij

=)
- =i (41)

NQA | \-Q-lk

and so also live on the interaction links between pairs of
metrics.

In both the proportional and nonproportional cases,
SWH  must satisfy the linearized version of the Bianchi
constraint; that is,

Viswin, =0 Vi, (42)
For proportional interactions this enforces the transverse-
traceless gauge condition upon the mass eigenstates [1,26].

For nonproportional interactions, each term contributes to
the divergence as follows:

r(r[Klm]i,j)/ + @ "
e,

]i,j

V(&) o £ " . (43)
! r[Hém]i,j - (r[’//llm}i,j])/
(r[A{";,;)

These terms live on the interaction links too, owing to
Eq. (41). Now we have all the information we need to

discuss the stability of the remaining two branches of black
hole solutions. We begin with the nonproportional branch.

A. Nonproportional branch

For the nonproportional solutions, every interaction has

al( ]) =0, so all contributions to the W tensors are of the

form (35). Explicitly, the linearized field equations are

Z“tj +Z'_'lk‘| =0, (44)

V6900 + ASgp) +

where the Lichnerowicz operator 5 ,,,, is defined in
Appendix A, while the linearized Bianchi constraints are

Zv b+ Zv =0. (45)

At first glance, the sums over j and k, within which the
number of terms can differ from metric to metric, appear
to make the Bianchi constraints awkward to resolve.
Thankfully, this is not the case. To see why, one may
consider all of the metrics within the interaction structure
that possess only a single interaction (there must always be
at least two such metrics). The Bianchi constraints for these
metrics contain sums over j or k that have only one term,
which must therefore vanish on its own. However, since
these terms live on interaction links, there is always a
proportional term of opposite orientation in the neighboring
metric’s Bianchi constraint, which must also vanish, thus
reducing the number of terms present in said constraint by
one. This process propagates through the entirety of the
interaction structure until every metric ends up with only
one term left in its Bianchi constraint, which of course must
then also vanish; the result is that every term in the sums
over j and k must vanish individually. To convince oneself
that this must happen, consider a simple example with just
four metrics interacting in a chain structure—see Fig. 2.

The four Bianchi constraints read

v & =o, (46)

FIG. 2. Chain theory with four metrics and all interactions
positively oriented. Each edge (interaction) contributes a term to
the Bianchi constraint of each of the metrics it connects, and these
terms are proportional to one another [cf. Eq. (41)]. The Bianchi
constraint on metric 1 implies the vanishing of the term coming
from the 1 — 2 edge, and the Bianchi constraint on metric 4
implies the vanishing of the term coming from the 3 — 4 edge.
Together with the Bianchi constraints on metrics 2 and 3, these
then imply the vanishing of the term coming from the 2 — 3 edge.
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2) = (— 2) /-
v ET S+ VP E) =0, (47)

3) (= 3) /-
v ED+ VI E)E =0, (48)
v & =o. (49)

The vanishing of Egs. (46) and (49) implies the vanishing
of the first term in Eq. (47) and the second term in Eq. (48),
which then implies the vanishing of the final remaining
divergence.

From Eq. (43), the vanishing of every term in the sums
over j and k can immediately be resolved to find the
following expressions for the differences in perturbation
functions:

[H3"];; =0, (50)
Cij

[} lij= r]’ (51)
D;

[hllm]i,j = ) (52)

Eiy  Cilli+1)

[Klm]i,j = ’ 272 ’

(53)
for all i, j, and where the C, D and E are arbitrary
integration constants. Since these hold across all inter-
actions, one may express all of the perturbation functions in

terms of those of a single distinguished metric [e.g. one

)im (L)Im

may express all other n(li in terms of 7,

using Eq. (51) repeatedly].

simply by

1. Quasinormal modes

To see that these results imply mode stability at the linear
level, one must consider the QNMs, as was shown in
bigravity [52]. These are the eigenvalues of the linearized
field equations with suitable boundary conditions, namely,
that the perturbations behave as ingoing waves near the
black hole horizon and as outgoing waves at infinity, viz.

i) — A ethar, (54)

Here, the plus sign refers to the boundary condition as
r — oo, the minus sign refers to the boundary condition as
r—= T, A,(Bi are typically polynomials in 1/r, and r,;
are the tortoise coordinates for each metric, defined
by dr/dr,; = (1= r,/r).

By simple inspection of Eqs. (50)—(53) together with the
decomposition (28) into axial and polar contributions, one
finds that it is impossible to satisfy these boundary
conditions unless all of the C;; =D;; = E;; =0 [52].
This is easy to see: consider, for example, the r¢p compo-
nents; one has

~ —iwr. Ci, j Di- ».
[59%]::/' =e ( rj 0pY im = Tfsmeangm), (53)

which represents an ingoing wave of frequency

[cf. Eq. (28)], and the same must be true of 5§(r21m and

5@5{2['" individually. The near-horizon boundary condition

is therefore always satisfied, while the near-infinity boun-
dary condition never can be, unless the integration con-
stants vanish. The same is true for all components, and of
course for all interactions, since as we mentioned earlier,
the perturbation functions of any given metric may be
expressed in terms of those of, say, g,‘,’)”".

Therefore, for the nonproportional solutions, all of the
perturbation matrices A;; completely vanish, and the
linearized field equations reduce to just N copies of
the standard linearized GR equations:

o) + Aagf) =0, (56

As a result, the eigenvalue problem defined by the multi-
metric field equations with boundary conditions (54) is
equivalent to that of N Schwarzschild[-(A)dS] metrics in
standard GR, just where each metric now has a different
Schwarzschild radius r, ;.

We already know that the Schwarzschild[-(A)dS] sol-
ution in GR has no unstable QNMs (and that its QNMs only
exist at all for / > 2—there is no monopole nor dipole), so
the same is true here: the nonproportional multimetric
solutions are classically mode stable, thus generalizing the
result from bigravity. This behavior is in stark contrast to
that of the proportional solutions, whose QNM spectrum is
very different from the Schwarzschild solution in GR, as it
depends on the graviton masses and contains more dynami-
cal modes (one of which—the radial / =0 mode—is
unstable, as we have seen).

2. Generic gravitational perturbations

Although the QNMs of these nonproportional black hole
solutions coincide with those of a Schwarzschild black hole
in GR and so exhibit no modal instability, strictly speaking,
the absence of unstable modes in the quasinormal spectrum
of a black hole does not guarantee full stability of the
solution. In principle, one should also relax the QNM
boundary condition at infinity, to further allow for ingoing
waves, as this tracks the linear response of the spacetime to
perturbations wrought by external sources.

The full set of linear gravitational perturbations, upon
relaxing this boundary condition, were worked out for
bigravity in [52]. While, for both our nonproportional
solutions and the standard Schwarzschild solution in GR,
the QNM spectra contain only modes with multipoles
[ > 2, in principle the full set of perturbations, including
those caused by external perturbers, may also contain
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dynamical modes with / = 0 and / = 1. In GR, these modes
of the Schwarzschild metric are pure gauge and are hence
nondynamical. In contrast, the authors of [52] showed that
for the nonproportional black holes in bigravity, there are in
fact new physical modes that exist in both the axial and
polar sectors that cannot be gauged away. However, oddly,
these new modes feel no effective potential and so are not
backscattered at all by the black hole geometry (a property
more reminiscent of Minkowski spacetime); they describe
purely ingoing waves whose propagation is unaltered
throughout the entire space.

Since the structure of the perturbation equations is the
same in the full multimetric theory, the same qualitative
behavior occurs in the generic nonproportional solutions
here too, beyond bigravity to theories involving arbitrary
numbers of interacting metrics. This is due to the fact that
Egs. (50)-(53) mean that the perturbation functions of all
the different metrics still take the same functional form, up
to arbitrary multiplicative constants.

3. Nonlinear instability?

All of this is a little strange: we have found that, around
the nonproportional solutions, only two of the five degrees
of freedom (the tensor modes) of each of the massive
gravitons actually propagate at linear level and that modes
exist in the complete spectrum of gravitational perturba-
tions that feel no effective potential, despite the (apparent)
presence of a black hole. Consequently, one may begin to
worry about the possibility of strong coupling or, relatedly,
whether problems arise when the interactions of the
missing degrees of freedom reappear at nonlinear level.
We touched upon this potentially troublesome feature very
briefly in part I. We will now be more bold as to make a
conjecture. First, some motivation: the condition on the
model parameters that gives rise to the nonproportional

branch of black hole solutions, agy

in the realm of multimetric cosmology. There, Friedmann-
Lemaitre-Robertson-Walker (FLRW) solutions are also
split into three distinct branches, depending this time not
on how to make off-diagonal W-tensor components vanish
but on how one chooses to satisfy the Bianchi constraint
along each interaction link [8,54-56]. The analog of the
proportional branch involves fixing the lapses as functions
of the scale factors, while the analog of the non- and
partially proportional branches requires one to take pre-

cisely the same condition on the parameters of the model,

,(J]“) =0, across all or some of the interaction links.

Considering perturbations around the ‘“nonproportional”
branch of cosmological solutions, one finds exactly the
same behavior that we find for the analogous black hole
solutions—namely, that the vector and scalar degrees of
freedom are not dynamical at linear level in the perturba-
tions [57,58]. However, after taking nonlinear effects into
account, these cosmological solutions turn out to be

= (), also rears its head

(2

unstable, owing to the emergence of (non-BD) ghosts as
the vector and scalar degrees of freedom reenter the
effective description [59-62]. Therefore, it is natural to
conjecture that the same thing will happen for the non-
proportional black hole solutions: that, ultimately, this
branch will prove to be ghostly and, consequently, patho-
logical. Proving this conjecture may be difficult—in
cosmology, it was done by considering /inear perturbations
around an anisotropic Bianchi-I background as a proxy for
nonlinear perturbations around the isotropic FLRW back-
ground [60]. For the black hole solutions, one presumably
must go genuinely nonlinear, to at least quadratic order in
metric perturbations. We will not perform this calculation
here, but we have good reason to expect that the result will
be the same as in the cosmological case.

Similarly, if one were to consider perturbations around a
nonproportional Kerr background, thus allowing for black
hole rotation, the calculation of the linearized field equa-
tions for all modes becomes tricky because there is no
longer any spherical symmetry to allow one to decompose
the perturbations as in Eq. (28). Nevertheless, one expects
that at linear level these nonproportional rotating solutions
will share their QNMs with a standard Kerr black hole in
GR but will become unstable nonlinearly.

Another potential sign of a pathology in the nonpropor-
tional branch is that one may send signals from inside to
outside a black hole. For example, suppose we have two
metrics, ¢V and ¢(¥, with horizons at repand rop < 1y,
respectively, with matter (minimally) coupled to ¢(!). An
observer, who is made of matter, sees the horizon r;; and
when they fall through it they may send a signal by
generating gravity waves of gV, before they reach r,.
However, ¢! and ¢ are coupled, so this means that
gravity waves of ¢(?) are created, which are outside their
horizon, r,,, and so may freely propagate to infinity,
whereupon an observer may detect them through their
interaction with ¢g{"). From the perspective of ¢?), there is a
source of waves that is traveling outside the light cone of
g% and so will source Cherenkov radiation. We expect the
backreaction of this radiation to source an instability of the
geometry.

B. Partially proportional branch

To understand what happens for the partially propor-
tional solutions, it helps to begin with a simple example.
We will again choose to consider the four-metric chain
model depicted in Fig. 2 and work with the particular
partially proportional solution where metrics 2, 3 and 4 are

proportional to one another but metric 1 is not (one finds

this solution by choosing aﬁz) =0 along the 1 — 2 edge

and choosing the Schwarzschild radii to be the same along
the remaining two edges). This means that the contribution
of the 1 — 2 interaction to the W tensors is of the form (35),
while the contributions of the 2 — 3 and 3 — 4 interactions
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to the W tensors are of the form (34). Explicitly, the
linearized field equations here read

=)
E"6gy + Ao+~ =0, (57)
1
(—)
af M 2 2
5( ) /591(1/} + /\59;(41/ + F + TZZ (59;(4v) - gfw)ég(z))
MZ
+ 2 (694 — gl 69%)) = 0, (58)

2

2) 3 3 M2 2 2
£ 505 + Nog) +2 (594 — gl 59)

2

M 2 2 4 2
233 (895 — g5 59)) + 734 (8g) — g2 894y =0,
(59)
2), 4 4 MZ 3 2
W,y + Nog) + =3 (5gk) — gia'5g")
2
+ M (50— 2509 =0, (60)

2

where in the latter three equations we consider the

perturbations as living in the common background of

g,(,%,), since metrics 3 and 4 are both proportional to g,(,%).

As before, to talk about stability one must turn to the
QNMs, and we just showed that in order for the solutions to
Egs. (57)—-(60) to satisty QNM boundary conditions this
implies that the contribution from the nonproportional

interaction, EEZ) , must vanish. Therefore, Eq. (57) reduces

to the field equations of linearised GR for metric 1, while

the 5<2._1> term drops out of Eq. (58) for metric 2, leaving
only the contributions from the Fierz-Pauli terms coming
from the proportional metrics.

Thus, the nonproportional part of the interaction struc-
ture completely decouples from the proportional part at
linear level; what remains is a proportional sector of the
complete four-metric theory, containing only metrics 2, 3
and 4, whose linearized field equations are the same as
those that would be derived from a completely proportional
black hole solution in a theory which contained only these
three metrics in the first place (i.e. chain trigravity, without
metric 1). Figure 3 shows this diagrammatically.

However, since it only accounts for the three proportional
metrics, M? no longer represents the true mass matrix of the
full four-metric theory; i.e. its eigenvalues are not the
physical graviton masses. Nevertheless, its components
are precisely as in Egs. (21) and (22) and so it does act
as a sort of “local mass matrix” for the proportional sector—
indeed, if one were to look at the linearized field equations
around proportional black holes in chain trigravity, rather

.
-------------

FIG. 3. A partially proportional solution of the four-metric chain
theory introduced in Fig. 2. Since u(l 2) = 0 for the nonpropor-
tional interaction along the 1 — 2 edge, at linear level metric 1
completely decouples from the remaining proportional metrics,
whose linearized field equations are now equivalent to those one
would get by linearizing around a fully proportional solution of
the trimetric chain theory contained within the dashed oval.

than this partially proportional solution in our four-metric
chain theory, then M? would be the physical mass matrix.

What certainly is true, as we found in part I and recapped
briefly in Sec. II B of this work, is that the equations in the
proportional sector can exhibit an instability a la Gregory-
Laflamme, depending on the sizes of the eigenvalues of M?
relative to r, ,—see Eq. (23). So, the partially proportional
black hole solutions in multimetric gravity also possess this
instability, precisely because it still exists in the remaining
proportional sectors. Around the fully proportional solu-
tions, we could interpret these eigenvalues as the genuine
physical masses of the various gravitons, but now, around
the partially proportional solutions, they are simply numbers
that tell us whether a given solution is unstable.

From this simple four-metric example it is clear how the
argument generalizes: a partially proportional solution in
some generic multimetric theory will contain a number of
both proportional (same r;) and nonproportional (¢ = 0)
interactions. The linearized Bianchi constraints, together
with QNM boundary conditions, force all of the contribu-
tions of the nonproportional interactions to the various W
tensors to vanish. Thus, one is left with (in principle)
multiple proportional sectors whose linearized field equa-
tions are the same as those of a fully proportional solution
in a multimetric theory containing the same number of
metrics as the sector in question, while the remaining
metrics with only nonproportional interactions follow the
standard linearized GR equations. Each of the proportional
sectors comes with its own local mass matrix, and the
eigenvalues of each of these matrices inform the conditions
upon which the partially proportional solution exhibits the
GL instability.4 Figure 4 makes this more transparent.

Of course, the discussion up to this point is based on a
purely linear analysis; if our conjecture about the non-
proportional solutions becoming unstable at nonlinear level
proves to be correct, then these partially proportional

“Note that every one of these matrices has a 0 eigenvalue, so
there are also as many local massless modes as there are
proportional sectors.

024057-11



WOOD, SAFFIN, and AVGOUSTIDIS

PHYS. REV. D 111, 024057 (2025)

anuwa,
o* .,

st v,
** *

. *
.

- o*® “agans®

MCETTE L

FIG. 4. Example partially proportional solution in some generic
multimetric theory. This particular example contains three dis-
tinct proportional sectors indicated by the dashed ovals: there is
an effective trigravity and two different effective bigravities. The
solution is unstable if the eigenvalues of any of the three local
mass matrices satisfy m;r;; < 0.876.

solutions will suffer the same fate because of the surviving
nonproportional sectors. This potential nonlinear instabil-
ity is worse than the GL instability in the proportional
sectors, as it is related to the emergence of ghostly degrees
of freedom and so represents an instability of the vacuum.
Conversely, the GL instability simply indicates that the
metric perturbations undergo exponential growth and so
must backreact on the solution: it may be that the GL
instability evolves into some other, stable, final state. As a
result, we believe that the only really physically sensible
GR-adjacent solutions in multimetric gravity that might
describe real black holes are the proportional solutions
(which is handy, because they are the simplest) in the
regime where there is no GL instability. As for what might
happen after these solutions eventually turn unstable, we
continue into the next section.

IV. HAIRY BLACK HOLE SOLUTIONS

As a matter of necessity, the fact that the proportional
black hole solutions in multigravity suffer from the GL
instability means that they have to decay into something
(provided that they actually form in the first place—though

2Y?U, Y+ Y, Uj[(Y?

UiYiU;Yi'p

Z [U’p’D

1) +AY + A Y (Z

if they do not, we have just seen that this probably means
the theory has no viable black hole solutions). For the
proportional multi-Schwarzschild solution, the final state
should remain spherically symmetric, lest cosmic censor-
ship be violated. It was this point that prompted the authors
of [30-32] to search for other spherically symmetric
solutions in bigravity, where they indeed discovered addi-
tional solutions bifurcating from the Schwarzschild one at
precisely the point at which the GL instability switches on,
describing black holes supplemented by massive graviton
hair. It is important to stress that this was not confirmation
that the proportional Schwarzschild solutions in bigravity
genuinely decay into these hairy solutions. To find out for
sure, one would need to use numerical relativity simula-
tions, which do not even exist yet for bigravity in a well-
posed form, never mind for the full multimetric theory.
However, it is still a strong suggestion that this may be the
case, and it certainly motivates us to try to construct similar
hairy solutions in the full multimetric theory.

To that end, we consider the most general static and
spherically symmetric ansatz we can use for the multi-
gravity metrics:

U/Z( )

ds?, = — Y2( )

() = —pi(r)d’ + dr? + U?(r)dQ3, (61)

where the p;, Y; and U; are radial functions. There is
enough gauge freedom to allow us to fix one of the
U,(r) = r, but the rest of the functions must remain free.
Therefore, for N metrics, there are 3N — 1 free functions to
solve for. One may additionally try to include off-diagonal
components in the metrics, but one finds that the only
solutions that exist turn out to be the non- or partially
proportional solutions we have already constructed [30], so
we stick with the diagonal ansatz (61) going forward.

The field equations and Bianchi constraints that result
from this metric ansatz are as follows (see Appendix B for
the explicit derivation):

ZU;cAt k ) = ’ (62)

2V3U,p, + Ullpi(Y? = 1) + By + Blg] =0, (63)
P+ YiPiU?Y? + Y}[p]UU,; + pi(U? — U UY)]

+UR(CHY) + €y + U? (Z Dt ZU;CE;J) =0, (64)

k

Yi ) Y +)

,(P?YDU + U; <7_ 1>Ei$j

J J J
Yi (5 Y; -)
1 1ip (L 1) E —

gy vor(B 1)) <o o

'y [U;pzDE-;J _u, (p
k
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where the various functions Agj), B%), C E?, ng) and ES?
are functions of the U’s and p’s whose form is given
explicitly in Appendix B. We note that Eq. (65) are the
Bianchi constraints, which we know live on interaction
links, so each term in the sums over j and k here must
vanish individually, by the same argument as in Sec. III A.

One can check that by choosing

ry A
Pl =anf1=" -2 (66)

Yi(r) ===, (67)

U,(r) = a;r, (68)

the field equations reduce down to those of the proportional
multi-Schwarzschild[-(A)dS] solution, with A given by
Eq. (17), as they should.

Solving these equations generally for a given multimetric
model is extremely difficult, and it must be done numeri-
cally—it is no surprise that the calculation has only been
performed so far in bigravity. Nevertheless, it can in
principle be done in the full multimetric theory, as we
demonstrate below. The idea is to treat the first derivatives
of the various free functions initially as variables, in order
to reduce the system into a set of coupled first-order
nonlinear ordinary differential equations (ODEs), which
can then be integrated up from the black hole horizon to
infinity to determine the solution. To see that the system is
solvable, we first consider the distinguished metric g,gf),
upon which we have used gauge freedom to fix U;, = r.
Equation (63) then allows one to find p/, in terms of r and
the other free functions. There are now 2(N — 1) remaining
free U’ and p’, that are not yet isolated. Equations (63) and
(65) for the remaining metrics are 2(N — 1) equations in
exactly these variables, so one may solve them as simulta-
neous equations for the remaining U’ and p’. Finally, one
may substitute the now determined U into Eq. (62) to
obtain equations for the Y’ ; which then closes the system,
and one can integrate this mass of coupled ODEs to find a
solution. Note that Eq. (64) are redundant in this whole
procedure.

In practice, this process is incredibly tedious and is
complicated by the fact that the right-hand sides of all the
field equations are 0—this means that the determinant of
the (in principle, huge) matrix defined by the simultaneous
equations for p} and U} must vanish for a solution to exist
where the p’ and U/ are not simply O (which is obviously
unphysical). This determinant must of course be resolved,
and there are similar potential stumbling blocks at various
stages of the calculation. We will choose to work with a
simpler example model with just three metrics, which is

0220220,

FIG. 5. Theory graph for star trigravity. The theory is invariant
under the exchange of metrics 1 and 3 (remember, a symmetry of
the theory is a symmetry of its directed graph).

already complicated but nevertheless still contains the
relevant physics.

A. Example model: Star trigravity

As a tractable example, we will consider the three-
metric star theory which takes the same gravitational
coupling M; = M on all three sites and also the same
set of interaction coefficients for both interactions,

ﬂg,Z) _ ﬂgﬁ) = B, specified by

Po = —6M?*m?,
Bi = 3M*m?,
po = —M*m?,
Ps =Py =0,

introducing the new parameter m which is related to the
masses of the gravitons in a manner we specify below.
These f#’s are chosen so that there is a solution where all
three metrics are equal to the standard Schwarzschild
metric (i.e. with A =0 and where the proportionality
factors are all a; = 1) and because the graviton masses
around the proportional solutions can be determined
analytically [1] to be m; = {0, m, \/§m}—we will see
why this becomes important later. The star structure is also
preferred over the chain here because the theory is
symmetric under the exchange of metrics 1 and 3, which
turns out to make the field equations slightly simpler to
deal with. The model’s theory graph is displayed in Fig. 5.
We will choose to use the gauge freedom to set on the
central metric U,(r) = r; the free functions we must solve
for are then pi, ps, p3, Yy, Yo, Y3, Uy and U;. The
procedure to reduce the system to a set of first-order ODEs
is outlined below; the complete form of many of the
expressions is extremely lengthy and uninstructive, though
we make the derivation publicly available in a Mathematica
notebook online if one wishes to look at them and/or follow
the derivation [63].
(1) First, look at Eq. (63) on metric 3. Solve it for p/; the
solution looks like p5 = py(--+) + p3(--+) + pa(-++).
(2) Substitute this into Eq. (65) on metric 3. Together
with (63) on metric 3 these are a pair of simultaneous
equations for p4 and U} both equalling 0. The
determinant of the matrix defined by these equations
must vanish for a nontrivial solution, which gives a
relation of the form p; = p,(--+) + pi(- ).
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Do the same thing as in step 2 but now for metric 1
instead of metric 3. One gets a pair of simultaneous
equations for p| and U} whose determinant must
vanish, which gives p; = po(--+) + p3(-- ).

Steps 2 and 3 can be combined and resolved to write

P1 :p2G1(rv UI’U3’Y19Y2»Y3)’ (69)

p3 = P2G3(r, Uy, U3, Y1, Y5, Y3), (70)
so the explicit p dependence of the (---) functions
has been extracted.
Substitute Eqgs. (69) and (70) into step 1 to find
Py = p2Fa(r, Uy, Us, Y1, Y2, Y3) (71)
and then solve Eq. (63) on metrics 1 and 3 for p’l,3 =
(p2(-+-) + p15(- ) U 5 and substitute in Eqs. (69)
and (70) to get

Py = p2Fi(r, U, Us, Y., Y, Y3)U,, (72)

Py = p2F3(r, Uy, U3, Y1, Y5, Y3)U5. (73)
Use Eq. (62) on all three metrics to write Y} =
(N 4 Y= (U, + (- U+ ()
and Yy = (- )U5y + (--).

Together, Egs. (69)—(73) tell us that

G/1:F1U/1_F2G1, (74)

Gg:F3U/3—F2G3. (75)
Taking the derivatives of G; and G5 explicitly and
substituting in the expressions from step 6 gives two
simultaneous equations for U and UY. Solve them.
Substitute the solutions for U’ and U} into step 6,
and we finally get to a closed system of five coupled
first-order nonlinear ODEs for the Y’s and U’s:

Vi =F(r,U;,Us, Y. Y,,Y3), (76)
Yy =Fa(r, U, U3, Y, Y5, Y3), (77)
Yy = F5(r,Uy,Us, Y, Y5, Y3), (78)
Uy =F4(r.U,,Us. Y, Y5, Y3), (79)
Uy = Fs(r,U;,Us, YY), Y5). (80)

Solve (numerically) Eqgs. (76)—(80) for the Y’s and
U’s. Substitute the solution into Eq. (71) and
integrate to find p,. Substitute this into Eqgs. (69)
and (70) to determine the remaining free functions
p1 and ps; then we are done.

The same procedure will work in principle for any
generic multimetric theory beyond just the three-metric
star. The tedious part arises due to the fact that whenever
there are additional metrics one is necessarily forced to
propagate the Bianchi constraints through the whole inter-
action structure during steps 2—4, in a similar manner to how
we did in Sec. III A, but ultimately one should eventually be
able to arrive at equations of the form (69)—(71) for the p’s
and equations of the form (76)—(80) for the Y’s and U’s,
which can be integrated numerically. In practice, we of
course do not recommend actually doing this; it is tricky
enough with just three metrics. Indeed, we save the full
numerical calculation for this example model for the final
paper of this series. Despite the inherent complexity of the
field equations, it turns out that one can still glean some
useful physical information by looking at the asymptotic
behavior of these equations far away from the black hole
horizon, which we now turn to.

1. Asymptotic behavior at infinity

For the model specified by our choice of f3,,, as r — oo,
the spacetime becomes approximately Minkowski on all
three metrics. Therefore, we shall consider the following
asymptotic form of the free functions:

pi(r) =1+6pi(r), (81)
Yi(r) =146Y,(r). (82)
Ui(r) = r+8U,(r). (83)

where the variations are small. Substituting these expan-
sions into Egs. (76)—(80) and keeping only the linear terms
leads to a remarkable simplification; one finds

1
8Y} = m’5U, — 5 (8Y) + 6Y, + 6Y3), (84)
r
1
6Yy = —m*(8Uy +8U3) = 5-(8Y, +6Y; +6Y3).  (85)
1
8Yy = m*8Uy = 3= (Y, + Y, + 6Y3). (86)
4 2
301 = (14 3211 (14 537
2
522975 (87)
2 2
sUY, = _WéY, - <1 +—3m2r2> oY,
4
(14572 )00s (88)
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These equations are symmetric under 1 <> 3 exchange, as
we expect from the star interaction structure. They can be
solved analytically to find

A B
oY) = -+ — (I +mrje™ +— (l—i—\/_mr) ~3mr,
r r

(89)
A 2C —V3mr
5Y2——5—7(1—|—\/§mr)e s (90)
A B
Y3 =————(1+mr)e ™ +— (1 +V3mr)e —V3mr,
2r r
(91)
0U| = ——— (1 + mr+ m?r?)e="m"
m*r
_ ¢ (1+\/§mr+3m2r2)e“/§’”’, (92)
m?r?
B
oU; = 2(14—mr+mr)‘”"
C
—— (1 +V3mr + 3m?r?)e V3, (93)
m?r?

In principle there are also exponentially growing terms,
but we have set to 0 their associated integration constants
since their presence would spoil the asymptotic flatness of
the solutions. Accounting for this fact numerically requires
a deft hand [32]; we will give more details in part IIL.

Lastly, the equations for the dp’s linearize to

1

2
8p1=0py =555 (3m*réU, +26Y, = 6Y, =6Y3),  (95)
r

2
5p3:5p2—3T(3m2r5U3+25Y3—6Y2—5Y1). (96)
mer
Again these equations are symmetric under 1 < 3
exchange as we expect. Substituting in the solutions we
have just obtained for the 6Y’s and SU’s, they imply

A 2B
S - _ e mr —\/_mr 97
D1 2 +— p "‘ (97)
A 4C
§py = —— — — V3, 98
P2 = T (98)
A 2B 2C
5[73 - Tl emr 4 T2 e—\/gmr' (99)
2r r r

So, we have now solved for all of the asymptotic
functions: the 6U’s are given by Eqgs. (92) and (93), the
0Y’s by Egs. (89)—(91), and the 6p’s by Egs. (97)—(99). The

physical meaning of each of the terms in these expressions
is also clear: the A/r piece is the standard Newtonian
potential coming from the massless graviton, but there are
also Yukawa pieces coming from two massive gravitons

whose masses are m and \/3m—precisely the masses we
expected from diagonalizing the mass matrix. The manner
in which the superposition of these different effects appears
in the form of the metric functions is not a trivial matter and
clearly depends on the field equations, which are compli-
cated (e.g. metric 2 does not see the graviton of mass m in
either its op or 6Y functions, and it appears that the sum of
the pieces coming from the massive gravitons across all
three dp’s or 6Y’s must vanish—this happened in bigravity
too [30-32]). However, the behavior is qualitatively sen-
sible, and the same should be true in any more generic
multimetric theory: that is, the asymptotic behavior will
always consist of a massless Newtonian piece together with
some superposition of Yukawa pieces corresponding to
gravitons whose masses one may determine by diagonal-
izing the mass matrix around a particular proportional
solution. Explicitly, we expect that the result will be of
the form

A B
P = ———|— b ( 1+ m;r)je=", (100)
=
N-1 o
= Zlm21f2 (1 +mr+ m?rz)e_’"f’, (101)
Jj=
A S 1 1/ m; r
pi=—— - 102
P e (102
where the C;; and D, ; are constants related by simple

rescalings to the arbitrary B; ; and one has, for any given
j=4J,>iBiy=>;D;; =0. Our results here for three
metrics are certainly of this form, as are the bigravity results
of [30-32]; we expect the same to be true in general.

The structure of these asymptotic solutions as a super-
position of graviton mass modes is the reason that we
interpret the solutions as describing black holes endowed
with massive graviton hair. In order to determine the full
solution, one must numerically integrate the complete set of
coupled first-order nonlinear ODEs from the horizon to
infinity and ensure that the initial conditions are chosen such
that the asymptotic behavior given above is recovered. The
asymptotics define a boundary value problem for the set of
coupled ODEs, but they are only known up to arbitrary
integration constants which we must somehow fix. The
calculation is a challenging one, so we save it and its results
for the eventual final paper of this series. Nevertheless, we
have still given a general procedure one may follow if one
wishes to construct hairy black hole solutions in generic
multimetric models.
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V. CONCLUSION

In this work, we sought to build upon what we did
previously in part I [1] by determining the linear stability
of the nonproportional and partially proportional branches
of black hole solutions in the general theory of ghost-free
multimetric gravity, generalizing and extending analogous
results from dRGT massive gravity and bigravity. We
showed that, as is the case in bigravity, the nonproportional
multi-Schwarzschild solutions in the full multimetric
theory (at least in D = 4) are mode stable at linear level,
as each metric shares its quasinormal spectrum with the
standard Schwarzschild solution in GR. On the other hand,
the partially proportional solutions (which only exist for
N > 2 metrics) are unstable at linear level, as they inherit
the Gregory-Laflamme instability from the sectors of the
solution in question that do still remain proportional.

One should not be so hasty to accept these findings as
statements of the full stability of the solutions, however, as
linear stability does not always guarantee nonlinear sta-
bility. Indeed, the conclusions from our linear analysis
may, and likely do, change at nonlinear level, as one
expects the scalar and vector graviton helicity states—that
do not propagate at linear level around the nonproportional
solutions and the nonproportional sectors of the partially
proportional solutions—to reappear nonlinearly and give
rise to ghostlike instabilities. Such behavior is known to
occur already in the analogous branch of cosmological
multimetric solutions, where the disappearance of the
vector and scalar degrees of freedom at linear level occurs
similarly to here, so it is natural to conjecture that the
nonlinear ghost instability might also arise for these classes
of black hole solutions.

The consequence of this would be that the only physi-
cally sensible GR-adjacent black hole solutions in multi-
metric gravity are the proportional solutions, at least in the
regime where these solutions are stable. However, we also
know from part I that even the proportional solutions
become unstable when the black hole horizon size drops
below the Compton wavelength of the theory’s lightest
(massive) graviton. All is not lost though—the GL insta-
bility in the proportional branch is not necessarily as fatal as
the aforementioned ghost instability in the nonproportional
and partially proportional branches, as it only signifies an
exponentially growing metric perturbation (rather than a
genuine instability of the vacuum), which may backreact on
the solution to eventually saturate into a new, stable
final state.

To that end, we also considered a generic spherically
symmetric ansatz for the multigravity metrics and showed
how one may construct solutions describing black holes
endowed with massive graviton hair. These solutions are
expected to bifurcate from the multi-Schwarzschild one at
the point at which it becomes unstable and so provide a
good candidate for the end state of the instability. We
considered an example model involving three metrics that

is tractable enough to see how the procedure to construct
hairy solutions works in practice. Although we save the full
numerical methodology and calculation for part III, we
showed how to reduce the system to a set of coupled
nonlinear first-order ODEs amenable to numerical integra-
tion and analytically determined the asymptotic form of
their solution far away from the black hole horizon, where
one clearly sees the contributions from each of the
individual graviton mass modes. Our plan for the final
installment is to develop the numerical technology to fully
integrate these equations from the horizon in order to
determine the complete solution and investigate how the
resulting hairy solutions depend on the multigravity
parameter space and on the masses of the gravitons.

Obviously there is still much to learn about all of these
black hole solutions, not least whether they genuinely do
form from gravitational collapse in these multimetric
theories and whether the GL instability in the proportional
branch genuinely does evolve to one of the hairy solutions.
These are questions which require numerical relativity
simulations to answer with certainty—we again stress
the importance of developing a well-posed dynamical
formulation of multimetric gravity for this and many other
purposes. That said, we have in this series of papers
constructed a complete cataloging of all the known black
hole solutions, including their linear stability properties, of
any generic multimetric theory of gravity. We hope that this
will prove invaluable to anyone wishing to study black
holes in theories involving massive spin-2 fields.
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APPENDIX A: LINEARIZED FIELD EQUATIONS
AROUND GENERIC BACKGROUNDS

Around the proportional backgrounds, the linearized
field equations are not overly difficult to compute; indeed,
we showed how to do this in Appendix B of part I [1].
Around generic backgrounds, the calculation is much more
complicated, but it can still be done in a systematic manner.
The prescription for doing so was first laid out in detail in
[53]; we outline it here to show how we determined the
structure of the perturbations around the nonproportional
solutions.
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We begin by perturbing the metrics as in Eq. (27). It is
well known (see e.g. [2]) that the Einstein tensor linearizes
to the Lichnerowicz operator acting on the perturbation,
that is,

5Gy) = €54l (A1)
where [26]
£V hy _%[ 00 h,, + VIV he
+ VIV e - v}j)vﬁ")h + g0
T S R

s0, as in part I, we shall skip this part of the derivation here
and focus on the potential. To that end, the first-order
variation of the W tensor is

5W(i) v = 59 u + ZZ( 1 mﬂnltj 5Yﬂ ( t—>/)
D
F 30D UL Sa) (A
m=0

The variation of the Y’s is given (in matrix notation, and for
any given { — j interaction) by

where, by virtue of Eq. (5), we have

k

Ser(S) == (=1)" Tr(8"158)esy(S).

n=1

(AS)

The complication lies in the fact that 6S is given by the
matrix equation:

S8S + 58S = 552, (A6)

and so one cannot simply determine it by starting from

S§2 = ga g(;) and then Taylor expanding the square root

i~j
(unless S « 1, which is the case for the proportional
solutions and is the reason that they are simpler to deal
with). Around a generic background solution, this is a
Sylvester matrix equation, of the form

AX - XB =C, (A7)

where A, B and C are given constant matrices and one
wishes to solve for the unknown matrix X. The solution to
the Sylvester equation is known in the mathematical
literature and is given by the following expression [65]:

=~

—l

D
W3 (~1ep (BAICB,
k=1

(A8)

3
Il
=}

where ¢p(A) is the unique polynomial in the matrix A
whose coefficients are the same as those of the character-
istic polynomial of B (gz'(A) is then the inverse of this
matrix), that is,

D

ap(A) = (=1)"ep_, (B)A™.

m=0

(A9)

In our case, comparison with Eq. (A6) tells us that we
have A = S, B = —S and C = 552. Therefore, the solution
for 6S is

=~

D —1
Z n+keD—k (_S)Sk—n—lésZSn.
=1

n

Il
o

(A10)

One can easily obtain 657, ; in terms of either the metric
perturbations of g(; and g(;), or of their inverses, by starting
from S? g(‘l; g(;) and substituting in Eq. (27) for the

l—)]

perturbed metrics. The result is

5S12_>] = (i)l [69(j) — 89 512—”] (A11)
= [S%.097) = 893190+ (A12)
or in components
(5Szz—>1)t QJ;)[59( v 59(;’),10(512—»])6] (A13)
= [(S%-)389(5, = 895190 (Al14)

Substituting either of these expressions into Eq. (A10)
determines 65, which one can then substitute into Eq. (A4)
to get the Y variations and lastly substitute these into
Eq. (A3) to determine the linearized W tensors. Around the
nonproportional black hole solutions, one finds that the
linearized W tensors take the form of Eq. (35).

APPENDIX B: BACKGROUND FIELD
EQUATIONS FOR GENERIC SPHERICALLY
SYMMETRIC DIAGONAL METRICS

With the ansatz Eq. (61) for the metrics, the Einstein
tensor components are
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"0 Y IUI U;2

G, :W [277+ T (Y2 -1), (B1)
o Y12 Pl U/ U/2

G, = o {2P—U+ e (Y2 - 1)}, (B2)

i)0 g
6", =",
Y:[vi(ui pi\ el opi(UL_UY
S _l+& +p_,+& —L——L. (B3)
UZ LY \U; pi) pi pi\Ui U

For positively oriented interactions, the contributions to the W tensors are given by

2 / 2

()0 (i) iy Uj Ui\ | VU5 (i (i) i) U3
W o ( o +2ﬁ11 U’+ﬁ U2>+ ,Ui,- B+ 2B U’+ﬂ3f v (B4)

ir L i i U i i, U2
w<>,3< +ﬂ1’p)+2(ﬁ’+ﬁ2’ )U <ﬁ’+ﬂ3’ )Uz, (85)

wie )= W(i>‘/’¢
i), alin) Uj ) inUNP YU an  a09)Uj i iy U P
3<ﬁ01+ﬂ1’7§)+<ﬁ1+ﬂ2’l]> ’+YU, /31’+ﬁ2171 + 2]+ﬂ]Ul- pj (B6)

For negatively oriented interactions, one should replace in the above expressions j — k and ﬂ%’j ) ﬂgk_;i
The Bianchi constraints have only one nonvanishing contribution from each interaction, which is (written for a positively

oriented interaction—again make the exchanges j — k and ﬁ,(,i'j) - ﬂik_'rzl to obtain the appropriate expression for a
negatively oriented interaction)

2 /
() () (i) Ui | iU YU (i) I LAY
Vi WS <ﬂ1’ +24, U’+ﬁ3’ Uz) o YJU’,_ P+ 2p) Uf+/33’ 7)o

. U U D Y\ U
2 (i.) (i.j) ZJ (i.7) (i.j) Pif(p i) 2t B7
+ |:(ﬂl +ﬁ2 Ul' + 2 +ﬁ3 U Di Yi Ui ( )

Substituting the above expressions into the field equations MzG(i)” + W » =0, and simplifying, leads to the

equations (62)—(65), with the various functions Af ]), Bl(f), CE?, S) and E< ) defined as

AL = S U+ 28 U, 4 AR, (B8)
i

AT = o U+ 208U+ V) (B9)
ik

ALY = ’; 7 = gy LU 2 00, A, (B10)

BS;) = #Z [(ﬂ(()i'j)l’i +ﬂ§i’j>Pj)Uzz + 2(,5(11-’”171' + ﬂg”i)Pj)Uin + (ﬂg’j)l’i +ﬁ§i’j)pj)U,2~] ) (B11)
i

Bl = MZZ[ Db+ 8PV + 2080 py+ B pOU U+ (B pi + A pOVE]. (B12)
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1 . .
+ i, i,
CS,O) =2 E [(ﬁ(() ) U; +ﬂ5 d U;)pi
L

+ (AU + AU )P, (B13)
_ 1 i i
Cl('»U) - WZ [(ﬂz(tk’ U+ B U ps
ik
+ (AU + AU, (B14)

2
+) _ Yi (=) 1 Yi (i.7) (i.j)
Ci,j _Y_?Cj’i _WFJ |:</)7] Ui+ﬂ2 Uj)pi
+ (B U+ U (B13)
DY =D\ = g0 128 v U, + YR (BI6)
E) = B =2| s+ B0 )p
AU BT Up] B17)
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