PTEP Prog. Theor. Exp. Phys. 2014, 023E02 (25 pages)
DOI: 10.1093/ptep/ptu016

Stability of the Schwarzschild—de Sitter black hole
in the dRGT massive gravity theory

Hideo Kodama'-%* and Ivan Arraut!-3

YTheory Center, Institute of Particle and Nuclear Studies, KEK Tsukuba, Ibaraki 305-0801, Japan
2Department of Particle and Nuclear Physics, Graduate University for Advanced Studies, Tsukuba 305-0801,
Japan

3 Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

*E-mail: hideo.kodama@gmail.com

Received December 8, 2013; Accepted January 17, 2014; Published February 17, 2014

The Schwarzschild—de Sitter solution in the Einstein theory with a positive cosmological constant
A = m?/a becomes an exact solution to the de Rham-Gabadadze-Tolley (dRGT) nonlinear
massive gravity theory with the mass parameter m when the theory parameters o and j satisfy
the relation B = . We study the perturbative behavior of this black hole solution in the nonlin-
ear dRGT theory with 8 = o>. We find that the linear perturbation equations become identical
to those for the vacuum Einstein theory when they are expressed in terms of gauge-invariant
variables. This implies that this black hole is stable in the dRGT theory as far as the spacetime
structure is concerned, in contrast to the case of the bi-Schwarzschild solution in the bi-metric
theory. However, we have also found a pathological feature that the general solution to the per-
turbation equations contain a single arbitrary function of spacetime coordinates. This implies
a degeneracy of dynamics in the Stiickelberg field sector at the linear perturbation level in this
background. The physical significance of this degeneracy depends on how the Stiickelberg fields
couple observable fields.

Subject Index E02, E03, E31

1. Introduction

One of the biggest problems in cosmology is to explain the current accelerated expansion of the
universe. In the standard theory of gravity, i.e. general relativity, this reduces to the cosmological
constant (A) problem or the dark energy problem [1,2] if we require spatial homogeneity (cf. Refs. [5,
24,25]). Beside this standard approach, many alternative theories have been suggested in order to
solve this problem. Among the most popular, we have modified gravity theories (MOG) [6—9], non-
localities [10—13], and massive gravity theories [14], which are just large-scale modifications of
gravity.

In order for such a theory to be a real theory of nature, it must be consistent with all the observed
features. In particular, it must be consistent with the “observed” existence of astrophysical black
holes. In many cases, this requirement leads to non-trivial constraints. For example, it was recently
claimed that the bi-Schwarzschild solution is unstable against a spherically symmetric perturbation
in the bi-metric theory of gravity [15]. Motivated by this, the stability of the Schwarzschild—de Sitter
black hole was analyzed in the framework of the linear massive gravity theory by Brito, Cardoso,
and Pani [16,17]. They found that the black hole is unstable generically, but becomes stable when
the mass of the graviton takes the particular value m> = 2A /3. In this case, the theory is inside
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the regime of partially massless gravity, where the Vainshtein mechanism seems to be unnecessary
since the van Dam-Veltman-Zakarov (vDVZ) discontinuity no longer appears [18—20]. However,
it has been demonstrated that the partially massless theories of gravity have several problems of
consistency [21,22].

In the present paper, we analyze the stability of the Schwarzschild—de Sitter solution in the frame-
work of the nonlinear de Rham—Gabadadze—Tolley (dRGT) massive theory of gravity. We do not
introduce the cosmological constant as an extra parameter of the theory, but instead, we utilize the
fact that the Schwarzschild—de Sitter black hole is an exact solution to the nonlinear dRGT theory if
the parameters @ = 1 + 33 and B = 3(a3 + 4ay) of the theory satisfy the relation 8 = 2. For this
parameter choice, the mass term of the theory behaves exactly as the cosmological constant term in
the Einstein theory for a spherically symmetric geometry, as pointed out by Berezhiani et al. [23]. We
exhaust all Schwarzschild—de Sitter-type solutions to the nonlinear dRGT theory in the unitary gauge
for the Stiickelberg fields assuming 8 = a2. We find a family of solutions that are gauge-equivalent
to the standard Schwarzschild—de Sitter solution if we neglect the non-trivial transformation of the
Stiickelberg fields. In the massive gravity theory, they should be regarded as different solutions
because, if the metrics are put into the standard Schwarzschild—de Sitter form, the Stiickelberg fields
behave differently. The solution obtained in Ref. [23] is one solution in this family that is regular at
the future horizon. There exists no solution that is regular at both the future and past horizons.

We consider linear perturbations of this background solution in the framework of the nonlinear
dRGT theory only assuming the parameter relation 8 = 2. Hence, we generally expect to obtain
perturbation equations that are different from those in the Einstein theory with the cosmological
constant. In fact, we do if we do not impose the constraint coming from the Bianchi identity on the
mass term. However, when we impose that constraint, the extra terms are required to vanish. Hence,
we obtain perturbation equations that are identical to those in the Einstein theory with a cosmological
constant and some additional constraints on the metric perturbation variables that correspond to
the gauge-dependent parts in the Einstein theory. From this result and the Birkhoff theorem for the
Einstein theory, we can easily find the general solution to the perturbation equations and deduce the
stability of the black hole against linear perturbations concerning the spacetime structure. However,
we also find that this general solution contains an arbitrary function of the spacetime coordinates that
reduces to a part of the gauge transformation freedom in the absence of the Stiickelberg fields. In the
gauge in which the background metric takes the standard Schwarzschild—de Sitter form, this freedom
goes to the Stiickelberg fields. Hence, we cannot determine the behavior of the fields by initial data
alone. Along with this general argument, we point out that the general solution to the vector-type
perturbation equations contains a family of stationary modes that correspond to the rotation of a
black hole in the Einstein theory.

The paper is organized as follows. In Sect. 2, we summarize the basic part of the dRGT nonlinear
massive gravity formalism that is relevant to the present paper. In Sect. 3, we show that the mass
term in the field equation of the dRGT theory becomes identical to the cosmological constant term
for an arbitrary spherically symmetric metric in the unitary gauge for the Stiickelberg fields when the
theory parameters satisfy the relation 8 = o2, and that as a consequence the Schwarzschild—de Sitter
spacetime becomes an exact solution in the dRGT theory for this parameter relation. We also develop
details of the Schwarzschild—de Sitter solution in the dRGT theory. In Sect. 4, we give a brief review
of the gauge-invariant formulation for perturbations of a black hole. In Sect. 5, we derive perturbation
equations for the Schwarzschild—de Sitter-type background in the dRGT theory, and then, in Sect. 6,
we introduce gauge-invariant variables for the present system by treating the Stiickelberg fields as
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dynamical and expressing the perturbation equations in terms of them. In Sect. 7, we summarize
and conclude. In Appendix A, we show that there exist other parameter choices for which the dRGT
theory admits a Schwarzschild—de Sitter-type solution and exhaust all possibilities.

2. The dRGT theory

In the standard formalism of the dRGT theory, the action is given by [14]
1

S=55 | dxV/=gR+mU(g, ) (1)
with the effective potential depending on two free parameters as
U(g,¢) = Us+ a3Us + asUs. ()

The dependence of each term U,, on the metric g and the Stiickelberg field ¢ is determined in terms
of the matrix 2 = (Q*,) defined by

2=1—tl, (M =g" f. (3a)
fuv = Nab,$“ 09", (3b)
as
Uy = 07 — 02, (4a)
Us = 0] —3010,+203, (4b)
Us= 0] — 60702 +80103 + 3035 — 604, (4¢)
where
n = Tr(2"). Q)
The potential U is unique. It is impossible to add polynomial terms without introducing
a ghost [14,23].
By taking a variation of the action with respect to the metric, we obtain the field equation
Guv = _mZX,uv» (6)
where
sU 1
X,U.v = Sgl/v‘/ — EUng. (7)

Its mixed components 2~ = (X*,) = g"* X, can be explicitly expressed in the matrix form in terms
of the matrix 2 as

2 =x0+ 012+ 02>+ 132, (3
where
+
o=-50:+" %0, 0,201 - Lo (%)
x1=1+aQ+ §<Q% — 02), (9b)
x2=—a— B0y, (%0)
x3 =B, (9d)
with
o=143a3, B =33+ 4a4). (10)

Throughout the present paper, we use « and § instead of o3 and 4.
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In this generally covariant formulation, we can regard the Stiickelberg fields as either dynamical
or non-dynamical. This is because the dynamical equation for ¢“ obtained from the action by a
variation with respect to ¢“ is practically equivalent to the consistency equation obtained from (6)
by the Bianchi identity.

To see this, we use the diffeomorphism invariance of the mass term of the action,

/ &3 =gU (g ) = / 2y =gU (5. ). (11

For an infinitesimal coordinate transformation

Sx =¢t, Sguw = =2V, 8¢ =—-"0,0, (12)

this equation leads to
sU

0= /d4xa/_—g <—m2V,,X’“)§M — %V,ﬁp;“) . (13)

Because ¢* is an arbitrary vector field, we obtain
sU sU
2 _ —
m VVXUM = —8M¢a@ = 8M¢avv (a(8v¢a)> . (14)

Therefore, if the field equation (6) holds, the left-hand side of this equation should vanish due to the
Bianchi identity V, G, = 0. Because d,,¢“ is a regular matrix, this constraint is equivalent to the
Euler equation for the Stiickelberg field,

104
Vi (a<a—¢>> =0 (13)

3. The Schwarzschild—de Sitter solution

If the Schwarzschild—de Sitter solution satisfies the field equations in massive gravity, the tensor X,
becomes a constant multiple of g, for that metric [23]:

m* Xy = Aguy- (16)

Conversely, if a solution to the field equations (6) satisfies this relation, it must be a solution to
the vacuum Einstein equations with A. Hence, if it is spherically symmetric, the solution must be
diffeomorphic to the Schwarzschild—de Sitter solution. Note that this does not imply the unique-
ness of the solution because, although the matrices of the two solutions are related by a coordinate
transformation, the Stiickelberg fields may not be related by the same transformation.

In this section, we examine under what conditions (16) holds for spherically symmetric spacetimes.
In particular, we show that if the parameters a3 and o4 satisfy the relation

B=a’, (17)
any spherically symmetric metric of the form
ds?® = g (t, r)dt?> 4 2, (¢, r)dtdr + g, (t, r)dr? 4+ r?S(t, r)?d 23 (18)
satisfies the condition (16) with
= m — =

m. 19
S ” (19)

A
if S(z, r) is a constant given by
o
a1
Note that the cosmological constant A is different from zero for any finite value of « if m?> % 0.

S=35:

(20)
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To prove this, we work in the unitary gauge in which the Stiickelberg fields ¢“ are given by
¢0 =1, ¢ =x=rcosb, ¢2 =y =rsinfcos ¢, ¢>3 =z =rsinfsin¢ 21)

in the Cartesian Minkowski coordinates. In this gauge, the reference metric f,, in the spherical
coordinates is given by

fuvdxPdx” = —dt* + dr? + r*(d6* + sin® 6 d¢?). (22)
Hence, for the metric (18), the matrix .#? defined by (3a) is given by
_gtt gl‘r 0 0

_gtr grr 0 0
A= o 0 1 ol (23)
SZ
1
0 0 0 =

S2
From this, we find that the matrix 2 can be expressed in the form

a ¢ 0 0
—c b 0 0
2=10 0o 1- 1 0 ; (24)
S
1
0 0 0 1 ——
S
where a, b, and ¢ are expressed in terms of the metric coefficients as
1 _
l—a=—(g"+ (=g, (25a)
M,
tr
8
= —=—, 25b
c=—4r (25b)
1 _
1—b=—(g" + (=g %, (25¢)
M
with
~-1/2 12\1/?
M = (—g@) (—gn + grr +2(—82) ) , (26)
82) = 8u&rr — 8r- 27)

We can also express g, in terms of the components of 2 as

(st (28a)
s = [ —a)( —b) + 27 a
_ (1 —a)?—¢c2
T A=) 1 = by + 27 (28b)
_ 6(2 —a — b)
8= A=) —b) + 2 (28¢)
goo =157, gpp =r’S7sin>6. (28d)
In particular,
(—g@) =+ (1 —a)1 —b). (29)
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If we substitute the expression for 2 in terms of a, b, ¢, and S into (8), we get

S—1
;ﬁ:—wy4m+n(s), (30a)
X', =cF3, (30b)
X' — X", = (a —b)F;3, (30c)
1 S—1
Xtt—X99=F1 <a—1+§>+F2<ab+c2—b( S )), (30d)

where F1, F>, and F3 are functions of S defined by

F1=oz—|—1—%, (31a)
B B

Fz—oe+/8—§, (31b)
S—1

s =F + ( )Fz. (31c¢)

Now, it is easy to see that all of Fy, F,, and F3 vanish if the relations (17) and (20) hold. This
means that 2~ = (X*,) becomes a multiple of the unit matrix:
_1=8
S

Note that this holds independent of the functional dependences of a(¢, r), b(¢t, r), and c(z, r).
If we require that the metric (18) be a solution of the field equations (6) with (17), owing to the

XM,

5. (32)

Birkhoff theorem for the Einstein vacuum system, it must be isomorphic to the Schwarzschild—de
Sitter solution in the standard form for which g;;, = — f(r), g = 0, and g, = 1/f (r) with f(r) =
1 —2M/r — Ar?/3. The above result means that g;, g;,, and g obtained from this standard form by
arbitrary change of time coordinate t — 7 (¢, r) also satisfy the field equations (6). Because we have
already fixed the spacetime coordinates by the unitary gauge condition (21), these solutions obtained
from the standard form by fixing the Stiickelberg fields and applying the coordinate transformation
only to the metric should be regarded as being mutually inequivalent.

Finally, we notice that the above parameter relation is not the only case in which a metric isomorphic
to the Schwarzschild—de Sitter solution satisfies the field equation (6). In Appendix A, we exhaust
all such possibilities.

4. Gauge-invariant formulation for black hole perturbations

In this section, we introduce some notations to describe perturbations of a black hole spacetime
and its gauge-invariant treatment, previously formulated in Refs. [24-28]. We start from a general
spherically symmetric background metric given by

ds® = guydxdx” = gap(y)dy*dy” + r*(y)dQ?, (33)
where g5, is the metric of a 2D spacetime 4> and
dQ? = y;jd7'dz’ = do* + sin® d > (34)

is the metric of a unit two-sphere S2, whose Ricci tensor is given by Ri i =VYij-
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We denote the covariant derivative, connection coefficients, and curvature tensors as

Vi T Ruve (35)
for the 4D whole spacetime,
Dy; FZC » Rabea (36)
for the 2D spacetime .42, and
Di; lqj-k, Rijui = vikvit — vitVik (37

for the 2-sphere S2.
The spherical symmetry of the background requires the background energy—momentum tensor to
be given by

Tup = Tap(y), Tui=0, T';=P®y)s;. (38)

4.1. Tensorial decomposition of perturbations

We classify perturbation variables into two different types according to their tensorial behavior on
52 so that we get a decoupled closed set of differential equations for each type of perturbations.
For this purpose, we decompose the tensors A4, (y), hqi(y), and h;j(y) on $2 defined by the metric
perturbation £, = 8g,. as

hyvdxtdx” = hapdy®dy® + 2haidy*dz’ + hijdz dz’ (39)

into these irreducible tensorial components as follows.
First, h,p are scalar with respect to transformations over S2. Next, the vector h,; on S2 can be
uniquely decomposed into the scalar %, and the divergence-free vector hc(l? as

hai = Biha + h(l)' bih;li) = 0’ (40)

ai’

up to the addition of arbitrary functions only of y to /,, which correspond to the exceptional [ = 0
mode (S-mode) in the harmonic expansion explained later. This implies that this exceptional mode
for h, is spurious and should be discarded.

Finally, the 2-tensor ;; on § 2 can be decomposed into three parts as

hij = ZIA)(ihg})j) +hryij + ltijhg)); bih(Tlg =0, (41)
where
o A 1 ~
Lij = D,‘Dj — EVUA (42)

For this decomposition, hg)) is uniquely determined up to functions belonging to the kernel of the

operator Li j» which consists of the S-mode (I = 0) and the / = 1 modes in the harmonic expansion.
) .

Similarly, h(Tli is unique up to a combination of the Killing vector of S? with arbitrary functions of

v as coefficients. This corresponds to the exceptional mode with [ = 1 in the harmonic expansion.
These exceptional modes are spurious, like the S-mode for /,, and should be discarded in physical

arguments. With this understanding, the scalar components (/,p, h4, b1, ht) of the metric perturba-
A

gy h(Tl).) describe the vector

tion /1, describe the scalar perturbation, and the vector components ( ;

perturbation.
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In a similar way, we can decompose the energy—momentum perturbations as

8T = D;isT* + 61" DlsT " =0, (43a)
ST} _ 3Tj(1)" + SP(S;- + ﬁ;ST(O), (43b)

where
arj“)f =0, DI’ =o0. (44)

Hence, the scalar and vector components of the perturbation of the energy—momentum tensor consist
of (§Tup, 6T, 8P, 8 TT(O)) and (8 Tl.(l)“, ) Tj(l)’ ), respectively. There exist spurious exceptional modes

in§7% and (STT(O) as in the metric perturbation decomposition.

4.2.  Gauge-invariant variables

The Einstein equations are invariant under the diffeomorphism generated by any vector field ¢ ™. The
perturbation variable £, and its image &, — £;g,,, obtained by an infinitesimal diffeomorphism
should represent the same physical situation. Then, we have an ambiguity since there are infinite
varieties of values for the perturbation variables representing the same physical situation. One way
to remove this redundancy is to construct gauge-invariant variables and express the perturbation
equations in terms of them. This automatically extracts the physical degrees of freedom related to
the perturbations.

We start from the gauge transformation laws for perturbation variables. First, for the infinitesimal
gauge transformation §x* = ¢#, the metric perturbation 4, transforms as

hap — hap — Da&p — Dply, (45a)
2 gi A

hai — hai — 1" Dy r_2 — Dj&a, (45b)

hij — hij — Zﬁ(l’{j) — 2r(D“r)§ay,-j. (45c¢)

Next, the perturbation of the energy—momentum tensor, 67},,, transforms as

0Typ — 8Tab - {CDcTab - TacDb§C - TbcDagcv (463)
8T — 8T — T D;t® + PD;c”, (46b)
8T — 8T} — /D, Ps}. (46¢)

These transformation laws can be translated to those for the perturbation variables describing each
type of perturbation by decomposing the vector field ¢# into vector and scalar components as

to =14, ¢ =Vi+ D;S; )/UDZ'VJ‘ =0. (47)

Now, we execute this translation and construct gauge-invariant variables for each type of perturbation.
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4.2.1. Vector perturbations. For vector perturbations, the above gauge transformation law for the
metric perturbation can be translated into irreducible vector components as

(&) M 2 Vi
h s aD _2p, (72) (482)
1 1
he) = hS) — v, (48b)
From this, it follows that the combination
w2 (M
Fai :hai —1"Dq r_zl (49)

is gauge invariant for generic modes. On the other hand, for the exceptional mode, h(Tlf does not exist,
and only the combination

b, 2 —2 (1
Fa(bg = 2r"Dyq (r Fb(]i)) (50)

is gauge invariant.
In contrast to the metric perturbation, 7 and 6 T]? for a vector perturbation of the energy—
momentum tensor become gauge invariant by themselves:

Y A (51a)

Wi _ g (Di
r O 5TV, (s1b)

For the exceptional perturbations, t}l)i does not exist.
Note that any gauge-invariant variable for a generic vector perturbation can be expressed as a
linear combination of (F, [fil), tl.(l)a, (i

tion variables (héli) , 0 Ti(l) ‘8 Tj(l)i) in terms of these three gauge-invariant variables and h(Tll.). Under

) and their derivatives. Further, we can express the perturba-

gauge transformations, h(Tli) just transforms like ¢;. Hence, if we express this variable in terms of the
gauge-invariant variables, the gauge is automatically specified. The exceptional perturbations should
be treated with more care.

4.2.2.  Scalar perturbations. For scalar perturbations, the scalar components of the metric pertur-
bation transform as

hub — hub — 2D(aTb), (523)
S

ha = hg — T, — r’D, (—2) , (52b)
r

hp — hy —2r(D°r)T, — AS, (52¢)

hy — hy — 28. (52d)

If we define X, = (X4, X; = D;X1) as

2
) r hr ) hr
Xq:=—hs+ EDa (r_z) , Xp = 5 (53)
X, just transforms like X, — X, + {u:
(X(lv XL) - (Xu+Taa XL+S) (54)
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Hence, we can define the following set of gauge-invariant variables for a generic metric perturbation:

F;g) = hap + 2D Xp), (55a)
FO = h; +2r (D)X, + AX]. (55b)

For the exceptional modes, these are not gauge invariant.
Similarly, for generic matter perturbations, we can construct the following basic gauge-invariants:

£ = 8Tup + X DeTup + Tuc DpX© + Ty Dy X, (56a)
=0 = p;sT, + T8 D; X" — PD; X, (56b)
5O —sP+xD,P, (56¢)
n® =sr©. (56d)

For the exceptional modes, some or all of these are not gauge invariant. Further, for the S-modes,
Eé(l?) and Hg.)) do not exist, and for the exceptional modes with / = 1, HE;)) does not exist.

As in the vector case, any gauge-invariant for generic scalar perturbations can be expressed as a
combination of the variables (F ;2), FO Zgl),), ) l.(o)a, E(LO), H(O)) and their derivatives. Further, when
we express the metric and matter perturbation variables in terms of these gauge-invariants and X,
we can fix the gauge by specifying X, as a linear function of the gauge-invariant variables. In the
next section, we work in the unitary gauge to derive perturbation equations for the Schwarzschild—de
Sitter black hole in the dRGT theory, and then, in Sect. 6, we will express the perturbation equations

obtained there in gauge-invariant form using the formulation explained here.

4.3.  Harmonic expansions
In practical arguments, it is often more convenient to use the harmonic expansions for perturbation
variables and their gauge-invariant combinations. We also use them in subsequent sections. So, we
here give some expressions for scalar and vector harmonic expansions relevant to the analysis in our
paper; more details can be found in Refs. [24-28].

First, in order to expand vector perturbations, we use the irreducible harmonic vectors defined by
the eigenvalue problem

AV; = —k2V;, DV =0. (57)
For $2, the eigenvalue klz, is given by

=10+ -1, [=1,2,.... (58)

Note that V; is proportional to €;; DJS where S is some scalar harmonics with the same /. The lowest
mode with / = 1 is exceptional because it can be shown to be a Killing vector field on S? and satisfies

1 A
Vij = _ED(iVj) = 0. (59)
The basic variables for vector perturbations can be expanded in terms of the vector-type harmonic
basis as
2
1 1 r
hai' =r1aVis By == HrVi, (60)

220z 1snBny 9| uo Jasn sonsnr Jo Juswedaq 'S'N Aq LE9GESL/Z0IEZ0/Z/vL0Z/3l01e/do)d/woo dno olwspese)/:sd)y Woly papeojumoq



PTEP 2014, 023E02 H. Kodama and I. Arraut

and correspondingly, the gauge-invariant variables are expanded as

Fa(il) = rF,V;, W9 = vy, r}l)i = rTV;, (61)

1

for the case of generic modes satisfying my := k% —1=(U+2)({ —1) > 0, where the indices of
the harmonic tensors are lowered and raised by y;;. Here and in the following, we omit the index for
the harmonic basis and the corresponding summation symbols for simplicity.

For the exceptional modes with my = 0, i.e. [ = 1, there is only one gauge-invariant:

1 1 1 Fyp F,
Fyy=rFy)Vii  Fl) =rD, (7) —rDp (%) : (62)

For scalar perturbations, we use a basis for the scalar harmonic functions satisfying the eigenvalue

problem
AS=—k2S; K2=I11+1),1=0,12,..., (63)
and the associated vector and tensors defined by
S = -~ DS, Sij = Lis. (64)
ks k2

In terms of these harmonic tensors, the perturbation variables for scalar perturbations can be
expanded as

,
hap = fabsy he = _k_faSs (653)
)
2
hp =2r2HLS, hy = 2]:—2HTS, (65b)
S
8Tap = tapS, 8T = _kaaS’ (65c¢)
)
5P =S, ST =
=TI, TT = ETTS, (65d)
s
and the corresponding gauge-invariant variables are
FO = Fus, FO =272Fs, (662)
5O =548, 20 =,z (66b)
2
O -3%s, n®= ;—2‘1,78. (66¢)

S
For exceptional modes, t7 does not exist for the / = 0 and / = 1 modes, and ¥, does not exist for
the / = 0 modes.

5. Perturbation analysis in the dRGT formalism

In this section, we derive perturbation equations for the Schwarzschild—de Sitter solution in the dRGT
theory with nonlinear mass terms.

5.1.  Background solution

As we have shown in Sect. 3, when the theory parameters « and § satisfy the relation (17), the
Schwarzschild—de Sitter solution in the form (18) with § = Sy becomes an exact solution to the field
equations of the dRGT theory in the unitary gauge (21) for the Stiickelberg fields ¢“. In this form of
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the solution, the extra constant factor Sy appears in front of the angular part of the metric. In studying
perturbations of this background, we remove this constant factor by the coordinate transformation
Sor — r so that we can use various formulas for perturbations from the literature:

ds® = gapy(Ndy*dy® + r>(d6* + sin® 0d¢?), (67)

where the index @ and b run over 0 and 1 with y0 = 7 and y' = r. This coordinate transformation
transforms the unitary gauge condition (21) on the Stiickelberg field to

0 1 r 2 ro. 3 ro. .
¢ =t, ¢ :x:S—Ocose, ¢ :y:S—031n000s¢>, ¢ :z:S—OsmGsm(b (68)

in the Cartesian Minkowski coordinates, and the reference metric f,, to

d 2 2
favdxtdx’ = —di* + 4+ =

2 c 2 2
7 (0% +sin” 0. dg). (69)
0 0

The metric (67) should be obtained from the standard form for the Schwarzschild—de Sitter solution

dr? oM A
ds? = — f(rdi® + 2 42402 fy=1-"2 22 (70)
f(r) ro 3
by a coordinate transformation + — Ty(¢, r), where Ty(¢, r) is an arbitrary function of ¢t and r with
0; Ty # 0. Hence,

gu=—f@T0)?, gr=—fNTodTo, g =—fT)T)* +1/f().  (71)

Thus, the background solution has a degeneracy represented by an arbitrary function of # and r even
under the spherical symmetry requirement. This degeneracy cannot be gauged away because of the
existence of the Stiickelberg fields. This implies that the dRGT theory is dynamically pathological
at this background. We will see that this degeneracy extends to freedom represented by an arbitrary
function of full coordinates at the linear perturbation level.

The above r-coordinate rescaling also affects the 2 matrix. Because the dRGT theory has general
covariance, (g* fx) = (g"* fyv) transforms as

1 0 0
~ 0 1/Sy 0 0
* Tl* T: T = 72
g fx — g [« 0 0 1 0 (72)
0 0 0 1

Because the mixed tensor 2 should behave exactly as g* f; under a coordinate transformation, the
r-rescaling transforms 2 from the old value 2’ to

C
a — 0 0
So
—Soc b 0 0
2=T7"'2T= o o 1.1 o |- (73)
So
1
0 0 0 1——
So
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Note that, due to the r-rescaling, the expression for g, in terms of a, b, and ¢ is modified as

follows:
(1 =02 —¢2
=— , 74
T T —a) 1 —b) + 2P (742)
(11— at)2 —?
S2grr = , 74b
08" = [0 —a)1—b) + 212 (746)
c2—a—->)
Sogir = — , 74
081 [(1—a)(1—b)+ 2 (74¢)
Sy (=g =+ (1 —a)(1 - b). (74d)
Similarly, a, b, and ¢ are expressed in terms of the new metric g,p as
1
l—a=—(=Sg" + (=g~ "%, (75a)
M,
tr
=_&_ 75b
¢ M, (75)
| . B
I=b= (558" + (—ge) ™), (75¢)
Y41
with
—1/2 2 1/2 1/2
M, = (—-g@) (—gn + Sp8rr +2S0(—8(2)) ) , (76)
80) = 8u&rr — &1 (77)

5.2, Perturbation of %
Now, we calculate the perturbation of the tensor .2~ = (X1) corresponding to the metric perturbation
hab = fapt, 7)Y, hai = rfa(t, )Yy,  hij =217 [HLYyij + HrYij], (78)

where Y, Y;, and Y;; represent the corresponding tensors for either the scalar or vector harmonics.
For vector perturbations, the terms in proportion to ¥ do not exist.
First, from (8), a perturbation of the matrix 2" is determined by §.2 as

S =8x0+6x12+ 8x22% + X182 + x28.2% + x38.23. (79)
Here, § x, is a linear combination of § Q,,, which is given by
50, = gTr [h:g"—la - g)] , (80)
where A is the matrix notation for the mixed tensor ht.
In general, § 2 is determined as the solution to
(1—282+82(1 — 2) = —8(H*) = h*.a> (81)

In solving this, it is important that the background metric g and the matrix .# = g* f are the direct
sum of 2D submatrices,

8 :g(l)(tvr)®g(2)(97 ¢)7 (823)
M= My DB M, (82b)

because the calculations of § 0}, § Q¢, and § Qi. decouple from each other, except for the calculation
of § Q,,, which can be directly calculated by the above formula. The results for § Q,, are given in
Appendix B.
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First, the angular part § Q; can be easily calculated because 1 — 22y = (1/80) I»:
1. 1 . .
80 = Esoh;(u/ﬂ)’; = S—O(HLY(s; + HrY)). (83)

The corresponding components of § 2" are expressed in terms of this as

. 1 1\2] .
§X'. =16 ) 1 - — ) 1—— s
/ {XOJF X1< So)+xz< So)]J
1 1]
+ixi+2x0 (11— ) +3xs|1--) {80 (84)
So So J

The result of the calculation is

8X' = w(r)(HL8}Y — HrY)), (85)
where
w(r):ITTa{ﬁ(cz—i-ab)+a(a+b)+l}. (86)
Next, for the t — r part, solving the matrix equation
(82 — 098Q% +80% (8 — Qf) = —8(A*)p = [ (MY, (87)
we obtain
82 = “3G Ty [5(//5)) +det(1 — 20)(1 — 20) '8 1)(1 — 2(1))_1]
_ m [h://z(%) + {c2 +d—a)d - b)} (1= 20) f (1 — Q(l))] . (88)
Inserting this into
85Xy = 8x08) + 8x105 + 8x2(2M)5 + x18Q% + 262y + x3(627)%,  (89)
we find
§X%, = 0. (90)
Finally, because (2")%; = 0 for the background 2, we have
85X = x180% + x28(2%)%; + x38(27)%. 1)
Here,
§(2%)% = (1—1/80)80% + 0“»80";, (92a)
8(2°)% = (1= 1/5)°80% + (1 = 1/5) 480" + (2°)*45 Q. (92b)
Hence,

6X = [+ = 1/S0x2 + (1 = 1/50) 13| 50
+ {2+ (1= 1/S0)x3} 0“8 0% + x3(2H%,5 0. (93)

Now, (81) for § Q¢; reduces to
,
[+ 175085 = 0] 60" = = Y. (94)
0
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Hence, we obtain

1
5x = | Do+ 0= 1S+ = 1/50 0] 5
0

b -
e+ 0= 15016 0% + 36(2D% | (11 +1/S% = 2017 ) of Y ©9)
By inserting the above background value for 2(;), we find that this vanishes identically:

§X% =0. (96)

5.3. Vector perturbations

For vector perturbations, the metric perturbation 4, = §g,,, has the harmonic expansion
hap =0,  hai =rfVi, hij = 2r*HrVy;. 97)
Similarly, a vector perturbation of the energy—momentum tensor
KT = k28TH = —m?5 XM (98)
has the harmonic expansion

=0, tf=rt"V;, t; = 77V, 99

where ¢ and t7 are gauge invariant.
From the calculations in the previous section, we obtain
¢ =0, (100a)
K2t = m>w(r)Hr. (100b)
These source terms have to satisfy the Bianchi identities, which for a vector perturbation reduce
to [24-28]

(+20=1 ,
200+ 1) — 1]1/2

Because w(r) # 0for B = o2, it follows that Hy = 0 for/ > 2. Hence, the perturbation equations are
identical to those for the vacuum Einstein system, and, for / > 2, we obtain the additional constraint

D,(r3t%) + 7 =0= (I - Dw()Hy =0. (101)

Hr = 0. This implies that the general solution to the perturbation equation is given by
Ja=Fs, Hr=0 (102)

where F, is the gauge-invariant variable for vector perturbations satisfying the perturbed vacuum
Einstein equations

1
D" (ﬁFé}}) - ’%”Fa — k%7, =0, (103a)
k

r—;Da(rF“) = —«’tp =0. (103b)

In particular, we can conclude that the system is stable for vector perturbations.
For the exceptional mode with / = 1 for which Hr does not exist, F, is not gauge invariant and
transforms for ¢4 =0, ¢ I — LV as

8F, = —rD,L. (104)
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We know that the general solution for / = 1 in the Einstein case is a linear combination of this gauge
mode and the rotational perturbation corresponding to the angular momentum component in the Kerr
metric [25-28]. Hence, the general solution in the present case is given by

2aM

r

Jfa=—rDyL — 9aTo(t, 7). (105)

In particular, this shows that the dRGT theory admits a rotational black hole solution at the linear
perturbation level.

5.4.  Scalar perturbations

For scalar perturbations,

8Xap = 88ac X}y + 8acX p = %fabg- (106)
Hence, the perturbation of the effective energy—momentum tensor is given by
Tab = —Afab, (107a)
K2td =0, (107b)
K28P = —m*w(r)Hp, (107¢)
2ty = m*w(r)Hr. (107d)
The corresponding standard gauge-invariant variables are
K2y = k2 Tap — 2AD Xp) = — A Fyp, (108a)
K2T, =Kk21, =0, (108b)
K’Y; = —m*wH;p, (108¢)
and 77. These should satisfy the conservation laws [24-28]
Lo, - b, kik:rz =0, (1099)
rizD,, [r2(23 +AFab)] + %za —2D:r T =0, (109b)
where k2 = I(I + 1). These reduce to
-2+ DHHL, =(0+2)(—-1Hr ((=1), (110a)
Hp =0. (110b)

Hence, for all modes including the case / = 0, 1 for which H7 does not exist, we obtain the constraint
H; = Hr = 0, and the perturbation equations are identical to those for the vacuum Einstein system
with A, which has the structure

Eap = 26> gy = 0, (111a)

E® =2%%% =0, (111b)

Er =23, =0, (111c)
2

- @ = 2%ty =0, (111d)

where E,p, E,, and E, are tensors written as differential linear combinations of the gauge-invariants
F,p and F'. In particular, no instability occurs. The general solution for/ > 2 is expressed in terms of
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the gauge-invariant quantities satisfying the perturbation equations for the vacuum Einstein system
with A as

M =kF, (112a)
1

Jab = Fap — z[Da(rfb) + Dyp(rfa)], (k> 0) (112b)

HL = HT = 0, (1120)

where f(t,r) is left as an arbitrary function. This corresponds to the freedom associated with the
infinitesimal coordinate transformation, 8¢ = TS, 8r =0, 8§z' = 0:

k
S¢fab = —DuTp — DyTu,  dfa=~Ta. 8;HL =5;Hr =0. (113)

The exceptional modes with /[ = 0, 1 should be treated with care. First, for the S-mode with / = 0,
the variables f,, and Hy do not exist. Hence,

Fop = fap, Hp =0. (114)

Now, F,j, is not gauge invariant, and transforms as

Bgfab = —D,Ty — DpT,, (1153)
1

S H, = ——T" =0. (115b)
r

The residual gauge freedom is represented by 8¢ = T'(z, r). This result is consistent with the
existence of the degeneracy represented by the single function Ty(, r) in the background solution.
Because the solution satisfies the Einstein equations, from the Birkhoff theorem, we know that
the general solution is a linear combination of the above gauge transformation from the background
solution and the perturbation corresponding to the variation of the mass parameter in the background

metric,
fir =My g, (116a)
frr :SMaMgrra (116b)
ftr = aMaMgtry (1160)
H; =0. (1164d)

Next, for the / = 1 mode, there exists no Hr again, but now we have f,. However, due to the
absence of Hr, F and F,, are not gauge invariant, and transform under Sy = TS and 8zl =
L(t.r)S' as

k r
SgF:—EL—EngaL, (117a)
1
8¢ Fab = =7 [Da(r* DyL) + Dy(r* Da L)l (117b)

L is restricted by the condition H;, = 0 as

k 1
S;H, = —=L—-T"=0. 118
g1l ) ’ ( )
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Because we know that the corresponding solutions with / = 1 to the vacuum Einstein system are
exhausted by (F, F,p) obtained from the trivial solution (0, 0) by the above gauge transformation
[24], the general solution to our perturbation equations with [ = 1 is given by

fab = —DaTp — Dp Ty, (119a)
k
fao=-rD,L+ -T,, (119b)
r
H; =0, (119¢)
where
2
L=——T". (120)
kr

6. Gauge-invariant formulation for perturbations in the dRGT theory

Because the dRGT theory is a completely general covariant theory if the Stiickelberg field is treated
as a dynamical one, the perturbation equations can also be written in the gauge-invariant form by
introducing gauge-invariant variables for the perturbation of the Stiickelberg field ¢“.

Let us denote a perturbation of ¢* as

0% = 8¢°. (121)

Then, from the general theory, its gauge transformation under the coordinate transformation
dgxt = ¢H is given by

8,0% = —=8,:¢% = —¢10,0". (122)
In the unitary gauge, the background value of ¢“ is
o %
f—y =, =L =2 123
¢ ¢ S ¢ S ¢ S (123)
Hence, for 8,y = T, 8,7" = LY', 0 transforms as
T! T"
$g0' = ——, 840" = ——, (124a)
% So
L
Sgor = 5 (124b)
0
where
ol =orY'. (125)
6.1. Vector perturbations
For vector perturbations, we have
0?=0, o =orV. (126)
From
8¢ fu=—rDyL, 8,Hr =kL, (127)
we can construct a gauge-invariant variable
1
or =or + —HTr (128)

kSo
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for generic modes with / > 2, in addition to the standard gauge-invariant variable for the metric,

r
Fo=fa+ EDaHT- (129)

Then, the source term for the massive gravity equation can be expressed in terms of this as
=0, kltr =mPw(r)kSdr. (130)
Hence, in terms of the gauge-invariant 67, our result is expressed as
or=0 (>2). (131)

This implies that the dynamical degree of freedom of the Stiickelberg field is completely suppressed,
and the perturbation of the metric behaves in exactly the same way as for the Einstein gravity.
For the exceptional modes with / = 1, we only have a single gauge-invariant quantity

Fy = fu — Sordaor. (132)

Our analysis shows that, for / = 1, the general solution for F, is given by

~ 20M
F,=—-rD,L — ——9,T), (133)
r

where L(¢, r) is an arbitrary function and « is an arbitrary constant corresponding to the angular
momentum parameter. Thus, a functional degeneracy appears.

6.2. Scalar perturbations

For generic modes (/ > 2) of scalar perturbations, we adopt the gauge-invariant variables for o
defined by

Xl‘
6 =0l + =, (134a)
%
Xr
6" =0+, (134b)
So
5 L (134c)
or = O —_— . C
T T %S0 T

In terms of these, the source terms corresponding to § 2 are expressed as

K2Sap = —AFyp, (135a)

K2%, =0, (135b)
kS, S

K2 = mPw(r) (705T + 2 Drét — F) , (135¢)
r

K2ty = m*w(r)kSob7. (135d)

We have found that all of these gauge-invariant source terms vanish, hence

6" = < F 67 =0, (136)

but 67 (z, r) can be an arbitrary function. Hence, the functional degeneracy appears even for generic
modes.
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For the exceptional modes with = 1, F, F,p, 6%, and 67 are not gauge invariant because we have

to set Hy = 0 in their definitions and transform as
k r

§F = —-L—-D'L,
27k

1
B¢ Fup = —= {Da<r2DbL> + Db(rZDaL>} ,

2
8,6' = ——D'L,
uk
2
,
6" =——D'L,
Sok
L
80T = ——.
So
However, we can construct the following basic gauge-invariants from these:
A Sor kSo
F=F—-—D"oy — —or,
ko oh T
ro_ So 2 2
Fap = Fap — ? D,(rDy(or)) + Dp(r°Ds(or)) { »
S 2
5 =6 -2 pliop),
uk
72
6" =6"— ;D’(UT).

The perturbation equations for these variables are obtained by the replacements
F—>F, Fup— Ep, 6%°—6% 6ér—0.

Hence, the general solution for this case is expressed in terms of these variables as

A k ro.
F=——L—-—-D"L,
2 k
. 1
~a —O,

where L(¢, r) is an arbitrary function.
Finally, for the exceptional modes with / = 0, from the gauge transformation formula

ngab = —D,Tp — DpT,,
S, Hy = ! T"
8 L — r k)
we can construct the following gauge-invariants from f,;, Hy, and o,:
ﬁab = fab - Da&b - Db&m
A S
F=H -2,
r

where

o' =o', 0" = Syo".
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We have shown that the general solution for / = 0 can be expressed in terms of these gauge
invariants as

Fr = 8Moygs +2fT", (144a)
Fip = Mg + f(WT 4+ 8,T") — f'T", (144b)
Frp = 8Moygrr + 21 f8,T, (144c)

P =0, (144d)

where T is an arbitrary function of 7 and r, and M is an arbitrary constant corresponding to the
mass variation.

7. Summary and conclusions

In the present paper, we first looked for the parameter relation for which the nonlinear massive gravity
theory admits the Schwarzschild—de Sitter black hole as an exact solution systematically. We found
that, when the parameters satisfy the relation 8 = 2, there exists a family of solutions parameterized
by an arbitrary function Ty(¢, r), which are isomorphic to the Schwarzschild—de Sitter spacetime but
are not equivalent if the configuration of the Stiickelberg fields is taken into account.

We next investigated the perturbative stability of this family of Schwarzschild—de Sitter-type black
holes in the framework of the dRGT formulation of the nonlinear massive gravity with 8 = a>. We
found that the perturbative equations derived from the field equations of the dRGT theory become
identical to the perturbation equation for the vacuum Einstein theory with cosmological constant if we
take into account the consistency condition obtained from the field equations by the Bianchi identity.
This consistency condition is essentially equivalent to the field equation for the Stiickelberg field.
This implies that the Schwarzschild—de Sitter black hole solution is stable in the nonlinear massive
gravity theory as far as the spacetime structure is concerned, at least at the linear perturbation level,
in contrast to the bi-Schwarzschild solution in the bi-metric theory.

In spite of this stability result, we found a pathological feature of the black hole solution in the
dRGT theory with the parameter relation 8 = &; the general solution to the perturbation equations
contains an arbitrary function of the spacetime coordinates. This implies that the predictability of
dynamics is lost at least at the linear perturbation level around this black hole solution. This degen-
eracy can be removed by coordinate transformations if we neglect the Stiickelberg fields. Hence, the
pathology appears to come from the dynamics of the Stiickelberg fields. Because the Schwarzschild—
de Sitter black hole becomes an exact solution only when higher-order mass terms exist, there is a
possibility that this pathology might be removed at the nonlinear level of perturbations.
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Appendix A: The other parameter choices admitting the Schwarzschild—de Sitter
solution

In this appendix, we exhaust all possible choices of the parameters in which X becomes a constant
multiple of the unit matrix as m> X} = A8/, assuming that the spacetime metric takes the spherically
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symmetric form (18) and the Stiickelberg fields satisfy the unitary gauge condition (21). We use the

same notations as in Sect. 3.

)

iii)

¢ = 0, a = b. In this case, the condition
t 0 1
X, —Xg=(F1+akF) a—1+§ =0 (A1)
impliesa =1 — 1/Sora = —F/F,,if we exclude the case '} = F> = 0 discussed in Sect. 3.

Then, from X! = A/ m? = const., if follows that S is constant. Hence, the metric must rep-
resent a flat spacetime and A = 0. Because the metric (18) with constant coefficients has
vanishing curvature if

g0 =g o S {a-p? - =1 (A2)

in general, in the present case, we obtain the constrainta = » = 1 — 1/S. The corresponding
flat metric should have the form

ds® = S*(—dt* + dr? + r2d?). (A3)

No constraint on « and g is required, but the value of § is restricted from the condition
X! =0to

30+ 28 £ /922 — 128

, (A4)
26 +3a + p)
The case a = — F/F> can be included in this solution as a special case.
¢ = 0, a # b. In this case, we obtain F3 = 0 from X! = X’; hence, S must be constant. From
this it follows that X! = (1/S — 1)(F} + 1) = const. Next, from
0=X|— X) = (Fi+bF)a—1+1/9), (AS)
we obtain a =1 —1/§ or b = —F|/F,, if we exclude the case F| = F> = 0 discussed in

Sect. 3. Because ¢ = 0, Ty should be a function only of 7 from (71). Hence, ifa =1 — 1/S =
const., the metric should be flat because g, is constant from (28). Then, from (A2), we obtain
b=1—1/S = a, contradicting the assumption. Next, when b = —F|/F> = const., we find
that the metric is flat and a is constant again. Now, from X! = —(F; + 1)(1 — 1/S) =0 we
obtain two constraints F; = —1, F; = S/(S — 1) because S = 1 leads to F3 = 1. This means
that b = 1 — 1/S. This leads to the contradiction due to the regularity condition (A2). Thus,
this case has no other solution than those discussed in Sect. 3.

¢ #0,a =b. In this case, F3 =0 is required, and from X| = const., it follows that S is
constant. Then, from

ozxg—xg=F2{(a—1+1/5)2+c2}, (A6)

we obtain F, = 0. Hence, this case is a special case of the case with F| = F> = 0 discussed
in Sect. 3.
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iv) ¢ # 0,a # b. Again, we obtain F3 = 0 and § = const. If F, = 0, this case reduces to the class
F| = F, = 0 discussed in Sect. 3. Next, when F> # 0, the constraint

O:Xf—Xg:Fz[(a—l—l—l/S)(b—1+1/S)+c2] (A7)
leads to
) ) 2—a—-b 1
O=c"+0—-a-1/S(1-b—-1/S) =c +(1—a)(1—b)—T+§. (AB)
This should be satisfied by a, b, ¢ corresponding to the Schwarzschild—de Sitter metric
S2dr?
ds® = — F(SPdTo(t, r)* + L 4 §%r2402. (A9)
f(Sr)
From the general formula in Sect. 3, we obtain
1
2
c“+(1—-a)l—-b) = ——, (A10a)
S|To
1 ) S2 . 1/2
2—a—b=M1=—.(fT02+——f(T(;)2+2ST0) , (A10b)
S|To| f
where Ty = 9,7, TO’ = 0,Tp, and f = f(Sr) is understood. Inserting these into the above
constraint, we obtain
1— f(S 52 :
(T)? = ALY ( - Toz). (A11)
f(Sr)y X\ f(Sr)

Hence, in this case, no relation is imposed on « and 8, but instead the gauge transformation
function Ty(¢, r) is constrained. The value of S is determined by F3 = 0 as

S_oc-l—,B:I:\/ozz—,B

; (A12)
1+2a+p8

and the corresponding cosmological constant is given by

Ae-m?(1-1 <2+a—5) (A13)
N S s/
The condition A # 0 is given by
3

B # Zoﬂ & A#0. (A14)

Note that (A11) has a solution for Ty locally with respect to r at most in general. One
exception is the solution

Sr 1
To = St + —1)du. AlS5
0=> / (f(u) )” (A1)

Interestingly, this corresponds to a Finkelstein-type time coordinate that is regular at the future
horizon or the past horizon.

Finally, to summarize this appendix, we give an exhaustive list of the spherically symmetric solu-
tions isomorphic to the Schwarzschild—de Sitter solution and the corresponding parameter constraints
in the dRGT massive gravity theory:

o Solution F: The solution with a flat metric. The metric form should be that of (A3) with S given
by one of the values in (A4). No constraint on the parameters « and $ is required.
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o Solution SdS-I: The Schwarzschild—de Sitter-type solution discussed in Sect. 3. The cosmolog-
ical constant is given by A = m?/a, and the metric is given by (A9) with S = «/(1 4+ o). The
parameters are constrained as 8 = a2, but the function Ty(z, r) can be arbitrary.

o Solution SAS-II: The Schwarzschild—de Sitter-type solution whose metric is given by (A9) with
constant S given by (A12) and the cosmological constant (A13). The parameters o and § are
weakly constrained as 8 < 2, but the function Ty is constrained to those satisfying (A11).

Appendix B: Explicit forms for § @1, 6 02, and § Q3

2a+ 1 1
801 :MHLY+ - {(a —1)* = *Qa +b—3)}htz
o 2
L@ {(b D* + c*(a+2b 3)}h
2@+ 1) c i
ac 2 2 2
e {c — (@ +b +ab—3a—3b+3)}htr, (BI)
Ao + 1
50, = — (O‘_JZF )HLY_|_{c4—(3a2—|—b2+2ab—6a—3b+3)c2+a(a—1)3}hzt
o
2
+“—{—c4+c2(a2+3b2+2ab—3a—6b+3)—b(b—1)3}h,,
(a+1)2
2ac [ 2 3_ 13
n {c (2a +2b —3) —a® — b3 — ab(a + b)
a+1

+3a2 + 3b* + 3ab — 3a — 3b + 1} hor, (B2)

6 1 3
503 :(a——;)HLY + —{c4(3a +2b —3)
o 2

— 2(4a® + b + 2ab® + 3a*b — 9a® — 3b> — 6ab + 6a +3b — 1) + a*(a — 1)3}h,,

302 4
S PR VT P
2(a+1)2{c( +2a-3)

— *(4b3 + a® + 2ba® + 3b%a — 6ab — 9b* — 3a> + 6b +3a — 1) + b*(b — 1)3}hrr

3
icl{ — 4+ 2Ba% + 302 + 4ab — 6a — 6b + 3) — a* — b* — ab® — a®b — a*b>
o
+3a3 + 36% + 3ab® + 3a2b — 3a® — 3b* — 3ab +a + b}h,,. (B3)
Funding
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