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Abstract In this paper, we examine the validity of the first
law of inner mechanics of black holes in Generalized Mini-
mal Massive Gravity. We consider BTZ and spacelike warped
black holes and show that the first law of inner mechan-
ics is valid for given black holes in Generalized Minimal
Massive Gravity. As we expect, due to the presence of the
Lorentz Chern—Simons term in Lagrangian of considered
model, the product of the entropies of the inner and outer
horizons depends on the mass as it happens in Topologically
Massive Gravity.

1 Introduction

It is well known that black holes have temperature and
entropy, and obey the laws of thermodynamics [1,2]. One
interesting question which we can ask is this: what is the
underlying statistical mechanical source of the black hole
thermal properties? According to the AdS/CFT correspon-
dence [3] black holes are dual to quantum states in the dual
CFT, however this correspondence does not give a clear
description about the black hole interior. It seems that the
CFT does not contain operators that can describe the interior
of black holes. But Papadodimas and Raju [4] have intro-
duced such operators. The interesting and important result
of [4] is this: “if one is allowed to use different operators to
describe the interior of the black hole in different states of
the CFT, gravity — then there is no need for firewalls at the
horizon” [5-7].

In this paper we show that one can consider the inner ther-
modynamics of black holes similar to the outer-horizon ther-
modynamics. We investigate the validity of the first law of
inner mechanics of black holes in Generalized Minimal Mas-
sive Gravity (GMMG) [8]. This model is realized by adding
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the Chern—Simons deformation term, the higher derivative
deformation term, and an extra term to pure Einstein gravity
with a negative cosmological constant. In Ref. [8], it is dis-
cussed that this theory is free of negative-energy bulk modes,
and also avoids the aforementioned “bulk-boundary unitar-
ity clash”. By a Hamiltonian analysis one can show that the
GMMG model has no Boulware-Deser ghosts and this model
propagate only two physical modes. The validity of the first
law of black hole inner mechanics in the framework of Topo-
logical Massive Gravity (TMG) [9-11] has been studied in
[12]. Castro and Rodriguez [13] have obtained a formula for
the products of horizon areas for solutions with non-spherical
horizon topology in five dimensions, and have found that it is
independent of the mass. However it has been shown that the
product of the areas of the inner and outer horizons depends
on the mass in the framework of TMG [12]. Here also we
show that, due to the presence of the Lorentz Chern—Simons
term in Lagrangian of GMMG model, the product of the
entropies of the inner and outer horizons depends on the mass.

The organisation of this paper is as follows. In Sect. 2,
we review the method of obtaining conserved charges in
Chern—Simons-like theories of gravity. In Sect. 3 we con-
sider GMMG as an example of Chern—Simons-like theo-
ries of gravity and discuss that in what conditions BTZ and
spacelike warped AdS3 black holes are solutions of GMMG.
In Sect. 4 we investigate properties of the inner horizons
of BTZ and warped black holes in GMMG and show that
outer/inner first law of black hole mechanics are satisfied at
the outer/inner horizons of given black holes. The paper ends
with conclusions in Sect. 5.

2 Conserved charges in Chern-Simons-like theories of
gravity

Chern—Simons-like theories of gravity (CSLTG) [14,15] is a
class of gravitational theories in (2 + 1) dimensions which
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can be formulated in terms of Dreibein, spin-connection and
some auxiliary 1-form fields. TMG, New Massive Grav-
ity (NMG) [16,17], Minimal Massive Gravity (MMG) [18],
Generalized Massive Gravity (GMG) [19], Zewi-Dreibein
gravity [20] and GMMG are examples of CSLTG.

Let ¢4 = e“udx“ be a Lorentz vector-valued 1-form,
where e u denotes the Dreibein. We use the lower case Greek
letters for the spacetime indices, and the internal Lorentz
indices are denoted by the lower case Latin letters. The metric
signature is mostly plus. Spacetime metric g,,, and Dreibein
are related as g, = nape” e, where ngp is Minkowski
metric. The spacetime metric is invariant under Lorentz
gauge transformations (or equivalently local Lorentz trans-
formations, see Appendix J of [21]) e* — A“ beb ,where A €
SO (2, 1).In 3D, one can define the dualized spin-connection
1-form as w% = %eab"a)bc, where 0, = a)“h#dx“ is spin-
connection 1-form. Likewise, dualized curvature and tor-
sion 2-form can be defined as R(w) = dw + w X w and
T(w) = D(w)e = de + w X e, respectively. We use a 3D-
vector algebra notation for Lorentz vectors in which con-
tractions with 7,4, and g4p. are denoted by dots and crosses,
respectively. Here, D(w) denotes covariant exterior deriva-
tive with respect to dualized spin-connection.

Suppose @’ = a"* dx" are Lorentz vector valued 1-
forms, where r = 1, ..., N refers to the flavour index.
In fact, a"® is a collection of the Dreibein, the dual-
ized spin-connection and the auxiliary fields, i.e. " =
{e?, w*, h®, f*, ...}, where h® and f“ are Lorentz vector
valued auxiliary 1-form fields. The CSLTG Lagrangian 3-
form is given by

L= %grsar -da® + é rsra - a’ xal, (D
where g, is a symmetric constant metric on the flavour space
and f,; is the totally symmetric flavour tensor can be inter-
preted as coupling constant.

Conserved charge perturbation conjugate to a vector field
& can be defined as [22-25]

1
8Q(8) = —

5rG )., (Brvied —uxe) -84, @)

where X is a space-like codimension-2 surface and Xg =

%8“ bck‘gb ,in which Agb is generator of a Lorentz gauge trans-

formation. Here, iz denotes interior productin &. To find con-
served charges, one can take an integration from Eq. (2) over
one-parameter path on the solution space [22]. In this way,
background contribution is subtracted and then we will find
a finite amount for charge. The conserved charge defined by
Eq. (2) is not only conserved for the Killing vectors which
are admitted by spacetime everywhere, but also it is con-
served for the asymptotic Killing vectors. In general, Agb isa
function of spacetime coordinates and of the diffeomorphism
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generator £. To use Eq. (2) we have to find an expression for
Agb in terms of dynamical fields (i.e. we need a gauge fixing)
when we compute conserved charges. An appropriate gauge

fixing is [23,24]:

1
XE =i Q"+ Eeabceh“ec”vu"g‘v, 3)
where
a 1 a o B cv g [
Q= ¢ €% pe Vedxt, (4)

is dualized torsion-free spin-connection and V/, is covariant
derivative with respect to the metric connection.

Stationary black hole spacetime admits two Killing vec-
tors d; and 9. The conserved charges conjugate to the Killing
vectors d; and —dy refer to mass, M = Q(9;), and angular
momentum, J = Q(—0dy), respectively.

Black hole entropy is conserved charge conjugate to
the horizon-generating Killing vector field [26-29]. The
horizon-generating Killing vector field vanishes on the bifur-
cation surface. Using this fact, we can obtain a formula for
black hole entropy [22,23]:

1 de

= — | ——8u, 4 )
4G Jp 7y or=ee

where B denotes the bifurcation surface.

3 Generalized minimal massive gravity

GMMG can be described by four flavours of 1-form, a” =
{e, w, h, f}and the non-zero components of the flavour met-
ric and the flavour tensor are

1
Leww = feww = —0, guf = ffwa) = _W’
1
8eh = fenw =1, ow = fovw = ;’ (©6)
1
feff = _W’ fece = Ao, fopn =,

where o, Ag, i, m and o are a sign, cosmological param-
eter with dimension of mass squared, mass parameter of
the Lorentz Chern—Simons term, mass parameter of New
massive gravity term and a dimensionless parameter, respec-
tively. In order to give a physical explanation of free param-
eters of GMMG we list a few limiting cases:

In the limit where m? — oo and o — 0, GMMG reduces
to TMG which propagates a single massive state with helicity
+2 or —2 in AdS3, depending on the sign of o u. By setting
o = 0 and tending u to infinity, GMMG reduces to NMG.
That model at linearized level contains a massive spin-2 mode
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with Fierz—Pauli mass M% p = —om? + A/2. Therefore,
depending on the sign of o , either the massive or the massless
mode will have negative energy. In flat space, where A = 0,
this problem can be resolved by taking o = —1.

If one just set « = 0, GMMG reduces to GMG which is
a torsion-free model. By turning « on, a term will be added
to the model which gives raise to the model have torsion. I
this way, GMG will promote to GMMG which is not torsion
free.

3.1 BTZ black hole

Baiiados, Teitelboim and Zanelli (BTZ) black hole spacetime
[30] can be described by the following Dreibein

d
¥ = Nprzdt, e = ———, & =r(d$ + Njdn), (7)
NBtZ
with
22\ 2
N _ (re—=rp)(r —"_)’ N9 :_r+r_’ ®)
BTZ 2,2 BTZ 12

where ri are outer/inner horizon radiuses and [/ is AdS3
radius. One can use following ansatz
o’ =Q% —aHe®, h®=He, [f?=Fe, 9)

to show that BTZ black hole is a solution of GMMG provided
that

2

F
= (x(1+oa)H2+A0——=O,
l m?

o2

2a
12+2(1+0a)H+—FH+ ~—H?=0, 10
"

—F+u(1+oa)H+—2FH=O,
m

where F' and H are constant parameters [22]. For BTZ black
hole Egs. (2) and (5) can be simplified as

1 aH F
$0m126) = o= {—(o+—+—>

w  om?
[(isQ — XE) -de + lge . (SQ)]

M |:(1;5S2 Xe) - 8Q + 12 ige - 66]} (11D

[ dp [( oH F) 1 ]
Sprz = +—+= ——Qg¢ |, (12
BTZ . Ve o ) 800 = S0 (12)

where H stand for the horizon.

3.2 Warped black holes

Spacelike warped AdS3 black hole (WBH) [31] can be
described by the following Dreibein

ldr
4RweHNwBH (13)
¢ = [Rwpn(d¢ + N\%BHdﬂ,

" = INwpudi, e'=

with
GV~ F)(F — 7o)
M = 4R By ’
N el G+ vy )
e ZR%VBH
[ A A s =
R\z’VBH :Zg r [(1 — V)P 402 (r+ + r_) + 2v\/r+r_] ,

(14)

where 74 are outer/inner horizon radiuses. Here ¢ and v
are free parameters which allow us to keep contact with
[32-35]. The spacetime described by Dreibein (13) admits
SL(2,R)x U(1) asisometry group. Therefore, one can write
a symmetric-two tensor as S, = aigu + axJ, J,, where
J = 0;. It has been shown that warped black hole [described
by Dreibein (13)] together with following ansatz

/’lau :Hleuﬂ + H,JJ,,
a a a (15)
[y =Fe, + I,
is a solution of GMMG provided that
2
& Latier - oy 4+ P
42 2
—QF +1°Fy) =0, (16)

¢? 2, S 2
_1_4(1_1) )+E|§|H2+a HH+FR=0 (17
!
— (1 +ao) QH, + > Hy) — 53 161 P
m

o
—W[zﬂl Fy +1? (H F> + Hy F)]

1
+;(2F1 +1°F) =0, (18)
1 3
——Fh+0+a0)H+ —— C| P2

1% 2lm

o

+— (HiF2 + 2 Fy) =0, (19)
¢ +1(1+ YLIZ| H
——0 + = oo

42° 7T e

+a(1+ao) Hi(H, + *Hy)
1
—Ao+ — Fi(Fi + I’F) =0, (20)
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¢? ) 3

1—4(1 —vH)o — ﬂ(l +ao)|C| Hy
1

—a(l+a0)HiH, — —FiF>=0, (21)
m

where H,, H», F|, F, are constant parameters and J¢ =
e“u JH [36]. For warped black hole Egs. (2) and (5) can be
simplified as

1 aH, F
SQWBH(S)Z% 2{_<0+T+_>
x lige - 8+ (iR — xe) - 8e]

1. aHy, 2F\ . . .
+;(159—X5)-89+(xH2 T—l—— igJ - 07

m2
[ (3, aH,  F2\].
aH, ) .~ . ~
—(TJFp) [ie3 - 09 + (ieQ2 — x¢) - 63]
-2
3 H. F
n %(l_vz)_£<u+_§)]
Ll 21 7 m
x(igj~86+i§e-85)},
1 do aH| Fi
"”WBH:E/ﬁﬁgw{*(”*T*ﬁ)W
1 aHy F
o= (5245 ) sete) 29

where §¢, = JJ, for simplicity.

4 Inner mechanics

Now, we investigate properties of the inner horizons of BTZ
and warped black holes in GMMG. We show that a first law
proposed in [37] is satisfied at the inner horizons of given
black holes. To do this, we perform arguments in parallel
with [12].

4.1 BTZ black holes

Consider BTZ metric

dr? 2 ¢ 2
s— +r(d + N, dn)*. (24)

BTZ

ds® = —Njr,di* +

Using Eq. (11), one can compute mass

1 H F\ri+r2 2rr_
/\/lBTz=—|:(U+Ol-i-)hr S i| (25)
8G i

m? 2 ul3

and angular momentum

@ Springer

of BTZ black hole in GMMG [22]. These results are inde-
pendent of choosing integration surface X. Angular velocity
of outer horizon (event horizon) is

Qv = —Nbp| _ == 27)
H BTZr:mr ll’+.

Similarly, for inner horizon, we have

r+
- Il

Q- = _NgTZ|r=r (28)

The outer/inner horizon-generating Killing vector fields are
given by {y+ = 0; + Qpy=0y. Surface gravity can be com-
puted by

1
Kpt = \/—Evu(iHi)vV“(CHi)” . (29)
H:t

Surface gravity and Hawking temperature are related as
Ty = kp/2m, then the Hawking temperatures of the inner
and outer horizons are

r_%_ — }’2
T 30
B = onizr, (30)

Since the outer/inner horizon-generating Killing vector fields
are given by {y=+ vanish on outer/inner horizon then we are
allowed to use Eq. (12) to obtain outer/inner horizon entropy.
The ¢—¢ components of metric and dualized spin-connection
on outer/inner horizon are given by

rar—
Q| e = ——— (31)

2
g¢¢|Hi:ri1 ]

Therefore, outer/inner horizon entropies can be computed as

+ T aH F re
SBTZ——%[<G+7+W>I}+E . (32)

These entropies can be written as

+ %l
Sprz = = (crRTr £ TL), (33)
where
3] n aH n F " 1 (34)
cpiL=——|o+—+ —+— ),
R/L 2G nw o m2 ol

are central charges in GMMG [22] and
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[ =

o (35)

Tr/L =

are right/left-moving temperatures. It can be easily checked
that the outer/inner horizon entropies given by Eq. (32) obey
the first laws of outer/inner mechanics

SMprz = £Ty+885, + Qu+8 Taz. (36)

The product of the inner and outer horizon entropies is

St S, = ﬁ(& T2 — 3 T?) (37)
BTZ~BTZ — 9 R*R L*L/»

From Eq.(65) in Ref. [22], one can deduce that right/left-
moving energies in GMMG are given by
2
-l
Er/L = ?CR/LTg/L- (38)

Thus, the product of the inner and outer horizon entropies
can be written as

272

Sp17Sg17 = ——(cRER — cLEL). (39)

Since mass and angular momentum of BTZ black hole are
related to right and left-moving energies as

1
Mgtz =Er+ EL, TB1Z = i(ER —Ep), (40)

then

272
B 4l aH F Mgtz
Spr7Serz = _TK +—+ —) INCIvARS o ]

(41)

Therefore in GMMG the product of the inner and outer hori-
zon entropies depends on the mass of the black hole. It does
not depend on mass when we set © — 0.

4.2 Warped black holes

Now, we consider warped black hole metric
dr?
2 2
4RyguNwen 42)
+ Riypu(dd + N gudh)?.

ds® = — N3gdi* +

Using Eq. (22), one can compute mass

lcPvter —
Muit = o (7 7o+ 2077 ) (43)

and angular momentum

4,4
384

JWBH = —

{& (e +7- +2v\/f+7)2 —er (P — f*)z}’
(44)

of warped black hole in GMMG [36]. Here, g/, are defined
as

. 3 o 5 1 )
ik = —7|{|V2G{a+;(ﬂl +PH) + 5 (R + P F)
2|,i|z (1-20 )} 45)
= —— {a—i—f(Hl +PHy) + — (Fy + P — L
IZ[v2G m? 2ul
(46)

In Ref. [36], it has been shown that GMMG and spacelike
warped boundary conditions can be regarded dual to a 2D
CFT with central charges given by (45) and (46). Angular
velocities of outer and inner horizons are given by

2
61 (Fa +vy/7iis)

By using Eq. (29), one can obtain surface gravities and con-
sequently Hawking temperatures of outer and inner horizons
as

Qpe = —N&BH|;:;i =— (47)

7", 4= |§|v2(r+—r,) (48)
H 4 (re + v i)

For warped black hole, we have

1 2
+ 211242 (fi + v\/f+f_) ,

1
qud;|Hi =:Fzé' v? V844 |ype (Fr—Fo) +
(J<;J¢3)|Hi

7]
g¢¢|Hia

2
=183y
(49)

By substituting Eq. (49) into Eq. (23), we obtain outer/inner
horizon entropies

ml|¢|
S\%BHZ—?H:U—F

i
+ —(Fi +12F) — ﬂ} (fi + v\/ﬁj_) (50)
m

l

o
—(H +1*Hy)
m

ZIv
+ 2l (r+—r_)}.

By defining right and left-moving temperatures as

@ Springer
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A ;‘zvz n N
T = Sl (r+—r,),
;“2712 (51)
T ="~ <f+ Ty 2v,/m,) :
T

respectively, we can write outer/inner horizon entropies in
the following form

2

[ . A oA
Sypn =~ (CrTr + L), (52)
which is the same as Eq. (33) for the BTZ black hole.
Mass, angular momentum and outer/inner horizon entropies
of warped black hole satisfy the first laws of outer/inner
mechanics

SMwBH = :tin(sS\j,‘E]BH + QHi(?jWBH. (53)

Similar to Eq. (38), from Eq. (79) in Ref. [36], we can define

right/left-moving energies for warped black hole in GMMG
2

w4l ~
Er/L = ?CR/LTI%/L, (54

then the product of the inner and outer horizon entropies can
be written as

b e 272 . A . oA
SwenSweH = T(CRER —CLEL). (55)

Right and left-moving energies are related to mass and angu-
lar momentum of warped black hole as

A 1
ER =7JWBH + MweH,

A 6
E Z—AM s
L =jaag, e

l§2v4éL (56)

then we can write the inner and outer horizon entropies as

2

_ 7. 18 M3
SwenSwan = 3 [CRJWBH + ﬂ]- (57)

nGevier

Again in GMMG the product of the inner and outer horizon
entropies of warped black hole depends on the mass of the
black hole.

5 Conclusion

We have summarized the method of obtaining conserved
charges and black hole entropy in CSLTG. We have con-
sidered the GMMG model, as an example of the CSLTG.
The BTZ and spacelike warped black holes are solutions
of the GMMG model. We have shown that, for both black
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holes, outer/inner horizon entropies can be written as S =
”Tzl (cgTr £ ¢ Ty), where Tg, are right/left-moving tem-
peratures and cgy are central charges. These entropies sat-
isfy the first law of outer/inner mechanics of black holes
SM = £Ty+8S* 4+ Qy+87. The product of the entropies
of the inner and outer horizons can be written in terms of right
and left-moving energies. We have shown that in GMMG,
like TMG [12], the product of the inner and outer horizons
entropies depends on the mass. This dependence comes from
the contribution of the Lorentz Chern—Simons term in the
Lagrangian. We state that o, u, m, Ag and « are parame-
ters of GMMG model and physical conditions, such as no-
ghost and no-tachyon conditions, determine their values. As
one expects, mass, angular momentum and entropy of black
holes depend on these parameters. All of the obtained results
in this paper will be reduced to the results in TMG [12] when
weseto = —1, @ = 0 and m? — oo.
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