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ABSTRACT: We derive the effective equations of the membranes dual to black holes in a
particular theory of higher derivative gravity namely Einstein-Gauss-Bonnet (EGB) gravity
at sub-leading order in 1/D upto linear order in the Gauss-Bonnet (GB) parameter 3. We
find an expression for an entropy current which satisfies a local version of second law
onshell in this regime. We also derive the membrane equations upto leading order in 1/D
but non-perturbatively in S for EGB gravity. In this regime we write down an expression
for a world-volume stress tensor of the membrane and also work out the effective membrane
equation for stationary black holes.
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1 Introduction

For two derivative theory of gravity (Einstein-Hilbert theory) the area of the event horizon
of a black hole monotonically increases (classically) throughout a physical process. Together
with the fact that the “first law” of black hole mechanics gives the entropy of a black hole
to be proportional to the area of the horizon, gives the precise statement for the status
of the second law of black hole thermodynamics for Einstein-Hilbert gravity: i.e. entropy
always increases in a physical process.

For higher derivative theories of gravity there is a candidate for entropy of black hole
— namely the Wald entropy, which satisfies the first law of black hole mechanics [1, 2].
But there is no general understanding of the status of the second law of black hole ther-
modynamics in these theories. Some candidates for entropy of black holes which satisfy
the second law of black hole mechanics for specific type of dynamics involving black holes
are known. e.g. in [3, 4], an expression for entropy of black hole satisfying second law
for small amplitude metric perturbations about stationary black hole configurations upto
linear order in the amplitude were obtained. These expressions contain corrections over the
Wald entropy which match with Dong-Camps terms [5, 6] in holographic entanglement en-
tropy. Again, in [7] a suitable candidate for second law was obtained upto an “obstruction
term”. The obstruction term restricts the validity of the analysis to black hole dynamics
for which the obstruction term is either negative or zero. e.g. The obstruction term is zero
for dynamics which preserve spherical symmetry. The expressions for entropy obtained in
both these situations reduce to the Wald entropy for stationary black holes and also reduce
to the area of the event horizon in the limit of two derivative gravity.

On the other hand, during the last few years the large D limit where one takes the
number of spacetime dimensions D — oo has been found to be particularly useful in
studying dynamical processes involving black holes. In this limit the black hole dynamics
can be described by a system of effective equations determining the dynamics of a finite
number of variables of a non-gravitational system. There are two apparently different
non-gravitational systems to which the black hole dynamics can be mapped to. In one
the effective equations are obtained in terms of a dual object defined by its effective mass
and momentum [8-11].} The other formulation (which is the primary focus of this paper),
recasts the black hole dynamics in terms of dynamics of a co-dimension one membrane
propagating in the asymptotic spacetime of the black hole [13-18]. The membrane is
characterised by its local shape and a world-volume velocity field. The effective equations
in this case are a set of “membrane equations” constraining the membrane variables.?

Interestingly, the effective membrane equations imply the second law of black hole
thermodynamics for two derivative theories, without it being used as an input. It does
even better in the sense that it gives the second law in terms of positive divergence of a

!The effective equations in mass momentum formalism in AdS space with boundary metric deformation
has been worked out in [12].

2In both the formalisms, we only study the late time dynamics of the black holes which correspond to
time scales of the order of O(1/r¢) where, r¢ is the horizon size. The large D limit confines the non-trivial
part of the late time dynamics to a thin region of size O(rq/D) about the horizon.



local entropy current defined in terms of the membrane variables. The entropy current in
this case is the obvious suspect: namely the generator of the horizon. The velocity field on
the membrane world volume maps to the generator of the event horizon of the black hole
and the membrane equation imply [15]

V-u= %UWU‘“’—FO(l/DQ). (1.1)

K is the trace of the local extrinsic curvature of the membrane embedded in the asymptotic
spacetime of the black hole and o, is the shear tensor of the membrane velocity field u*.
V denotes covariant derivative w.r.t. the induced metric on the membrane. It can be
shown [19] that in the large D limit for uncharged black holes in asymptotic flat spacetime
the local entropy current of the black hole to leading order in large D is given by

ut
Ity = =+ O(1/D?) (1.2)
And hence,
- 1
. - m 2
\Y% J(S) 2,CO'/“,O' +O(1/D?) (1.3)

Hence, the membrane equation correctly predicts the positive definite local entropy pro-
duction.

The above procedure when applied to higher derivative theories of gravity can in
principle lead us to a candidate for entropy which satisfies the second law of black hole
thermodynamics for these theories.?

The focus of this paper will be a particular theory of higher derivative gravity namely

the Einstein-Gauss-Bonnet theory, the Lagrangian density for which is given by*
L=+—g (R+Q(R2+RABCDRABCD *4RABRAB)) . (1.4)

The leading order in 1/D membrane equation for this was worked out in [20] upto linear
order in the Gauss-Bonnet parameter. It was shown there that for the solutions of the
above theory to be continuously connected to the solutions of Einstein-Hilbert gravity in
the o — 0 limit o needs to be an O(1/D?) quantity. A new variable 3 was defined there
such that

p

“TD-3)(D_1) (1.5)

where, 3 is an O(D") quantity.> The leading order in 1/D effective equation for EGB grav-
ity non-perturbatively in the Gauss-Bonnet parameter in the mass momentum formalism
were worked out in [22].

3The more interesting possibility is if it can be shown that the membrane equations derived for a
particular higher derivative theory of gravity does not allow for second law to be satisfied. In this case if
we go by the principle that the second law cannot be violated in nature, this particular theory of higher
derivative gravity should not be allowed in nature.

4We use indices A, B, M, N to denote the coordinates over the spacetime. We use the p, v, o, # indices
to denote the coordinates over the world-volume of the membrane.

5The leading order membrane equation for a general theory of four derivative gravity in presence of a
cosmological constant was worked out in [21].



In this paper we work out the membrane equations to subleading order in 1/D upto
linear order in 5. These equations are given by
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(1.7)

where, w,g is the vorticity of the membrane velocity field and P,,, is the projector orthog-
onal to the velocity field in the membrane world volume.
Using the above membrane equation we find an entropy current given by

1 200 » - - 1
Jg =1 (1+2aR)u" —a uy,R"™ — %Vﬁagaaa“ —au- VUBVBU“ +O <D3)
where,
R = K? — K,3K° (1.8)

which has a positive definite divergence given by®

V- Js 1+aR)02+O<1>. (1.9)

= o5 ( D2

Recall that a ~ O(1/D?) and hence the r.h.s. above indeed starts at O(1/D). We will also
show that the entropy corresponding to the above current in the stationary configuration is
Wald entropy of the corresponding stationary black hole. From the positivity of divergence

SWe will work in the large D limit such that the dynamics preserves a large isometry and in this situation
we find that the trace of the extrinsic curvature is positive definite. Also, working perturbatively in 3, we
have a’/R < 1 and hence the r.h.s. is positive definite.



of the entropy current in the membrane world-volume, it can be shown that the integrated
entropy always increases under membrane dynamics. Since, there is a duality between
membrane and black hole dynamics, this quantity must also increase under black hole hole
dynamics. Hence, the integrated charge obtained from this membrane entropy current is a
candidate for black hole entropy satisfying second law for EGB gravity ( upto linear order
in GB parameter).

We also derive the membrane equation to leading order in 1/D and non-perturbatively
in S to be given by

A~ 2 ﬁ A~
Vv Uy, (1= ﬁ2D2 - VNIC 4 UQKOW
K 1+28% +282% ) K

K
D
55 . (1)
. NVu, |[PE=0(=
( 11285 4oy )T D (1.10)

and,

Using this we derive an entropy current non-perturbative in g given by
m
JENE UZ (1+2aR) — o u,R* + O(1/D?) (1.11)
the divergence of which using the leading order membrane equation (1.10) is

v.-J¥P =0 <11)> (1.12)

2 The Einstein-Gauss-Bonnet gravity

Since, we will be working with black hole solutions of the Einstein-Gauss Bonnet (EGB)
gravity, we will briefly review the them here. The action for the EGB gravity is given by

5 / iPuy =g (R e Bﬁ 5 (2 + Rapcp R - 4RABRAB)> RNCRY

This action is a member of the Lovelock-Lanczos family of theories of higher derivative
gravity, all of which have the common property that their equation of motions has a
maximum of two derivatives acting on the metric like Einstein-Hilbert theory. The equation
of motion of EGB gravity is given by

1 1
Eap = Rap — §QABR D= 3ﬁD — ) <29AB (RercpRPFCP — ARppRPF + R?)
—2RRAp + 4Rac RS — AR°PRoapp — QRACDFR%‘DF) (2.2)



The static spherically symmetric black hole solution for this theory in the Kerr-Schild
coordinates is given by

ds® = —dt> + dr® + r2dQ%_, + (1 — f(r))(dt + dr)?

2 4 r]?_?’ I3
f(r)_1+ﬁ 1_\/1+TD1 <1+T}QL> (2.3)

where 7, is the radius of the horizon.” The Gauss-Bonnet (GB) parameter 3 is O(DY) as
mentioned earlier. The necessity of this has been explained in [20] to make sure that the
large D solutions are smoothly connected to the solutions of Einstein-Hilbert theory in the
B — 0 limit. The basic reason being that the typical curvature squared objects are O(D?)
times the monomials in curvature term in the large D limit. Hence, if 8 has a leading order
behaviour in the large D limit which makes it grow faster than O(D?) the GB terms will
dominate over the Einstein-Hilbert term and the solutions will not be smoothly connected
to the solutions of the Einstein-Hilbert theory.®

3 The large D dynamics of black holes in EGB gravity

In this section we briefly review the large D membrane paradigm of [13—17] aligned to the
discussion in the context of higher derivative theories [20, 21]. We take the large D limit
by restricting the dynamics to finite number of directions so that the spacetime preserves
a SO(D — p — 3) isometry as D — oo. Here, p is an arbitrary order one positive integer.

Before proceeding we would like to mention some notational conventions that we use.
We use the indices A, B,..., M, N ... to denote the coordinates over the D dimensional
spacetime, which can be either black hole spacetime, or the background flat spacetime.
V is the covariant derivative w.r.t. the background flat spacetime. We use the indices
a,B...,u,v,... to denote the coordinates over the D — 1 dimensional membrane world
volume, which is embedded in the background flat spacetime. g,, denotes the induced
metric on the membrane. We use the notation V to denote the covariant derivative con-
structed from the induced metric on the membrane world-volume. R\, denotes the
Riemann curvature calculated from g, .

3.1 Ansatz metric

The aim of the large D membrane paradigm is to find dynamical solutions of the EGB
equations in a perturbative manner in 1/D. To do so we need to choose a good starting

Tt is easy to check that

f(rn) =0 for > —

:ﬁm‘ﬁ
N[ =

and
1

2
Tn B
rp) =24 — for S < —=.
2
Hence we require that g > —%h.
8Note that any other scaling where 8 ~ O(D™7), where,  is a positive real number will also satisfy this
criteria. So, in effect we are working with the strongest possible GB coefficient § in the large D limit which

satisfies this criteria.



ansatz metric on which to apply the perturbative expansion in 1/D. Covariantisation of
the Kerr-Schild form of the static black hole is a convenient ansatz metric. The ansatz
metric for EGB gravity to linear order in 3 is given by®

st = s+ (55— p Ty ) (O’ 1)

Here, Oyr = nas —ups. g is the unit normal'® to the surface ¢ = 1 which is horizon of the

corresponding black hole and wj; is a unit normalised time like vector orthogonal to nj;.
KC is the trace of the extrinsic curvature of the surface 1¥» = 1 embedded in flat spacetime.
In the coordinates of the metric (2.3)

D—2
b= nyde™ =dr, upydsM = —dt, K=
Th Th

(3.2)
As has been noted in [23], in the large D limit all non-trivial physics is confined in a thin
region of width 74 outside the horizon of the black hole. From the ansatz metric we see
that in the region where 1 > 1 the metric reduces to flat spacetime. But if we confine
ourselves to regions where 1) — 1 ~ O(1/D) then P ~ e~ P@=1_ The ansatz metric
reaches its asymptotic form exponentially fast along the normal to the horizon and has a
non-trivial warping only upto a region of width O(1/D) outside the horizon.

Since, we want to study dynamical processes involving black holes, we promote 1 and
u to be functions of the spacetime points with the following restrictions

e The derivatives of the functions ¢ and v w.r.t. the spacetime coordinates is O(D")
and

e The metric ansatz preserves an SO(D — p — 3) isometry with p held fixed at an
arbitrary finite number as D — oo.

The ansatz metric solves for the EGB equation to leading order in large D [15, 16, 20]
provided

V2~ P=3|, = O(D) and V- uly_y = O(1) (3.3)

where the dot product and covariant derivatives are w.r.t. the flat spacetime. The lead-
ing order ansatz metric can be thought of as being constructed by patching together
locally boosted Schwarzschild solutions. The above two conditions are satisfied by the
Schwarzschild black hole and hence to leading order they also need to be satisfied by our
ansatz as to leading order they locally look like Schwarzschild metric. These conditions
can be thought of as local constraints on the ‘shape’ 1) and ‘velocity’ u functions of a dual
membrane in terms of which the black hole metric can be written. To leading order there
is a duality between the black hole and a membrane provided the membrane satisfies the
above two conditions.

9This matches with the ansatz metric written in [20] as to leading order in 1/D, di) - dp = g—z. Also,
we require ﬁg—i > f% for the horizon to be at ¢ = 1.

10A]l normalisations, dot products and covariant derivatives in this section are w.r.t. asymptotic flat
spacetime of the black hole.



3.2 The first order in 1/D corrections to the metric

The ansatz metric (3.1) solves for the EGB equation only upto leading order in 1/D and
not beyond that. Hence, we need correct the ansatz metric so that it solves for the EGB
equations upto the subleading order in 1/D. The large D regime makes it particularly
simple to determine these metric corrections.

The ansatz metric reaches its asymptotic value just outside the ‘membrane region’.
Since, flat space solves for the EGB equation, we only need to add corrections to the
metric which have non-zero support in the ‘membrane region’. We describe in brief the
mechanism for this below. For the details of the procedure, one can look at the previous
papers on the large D membrane paradigm [15-17].11

We use a coordinate system (y*) based around any point zp in the membrane region.

M, a
M =2} + % (3.4)

The coordinate system y* spans the entire patch region of length scale ~ O(1/D) in the
membrane region about the point 2¥ in the sense that as y® — oo we reach the boundary
of the membrane region.

M)

The shape (1) and the velocity function (u™) can be expressed in the region around

the point zg as a Taylor series expansion given by

yM yMyN yMyNyt
=1+ 68M¢’:c:xo + WaManx:xo + WaMaNawa:xo +..
M M, N M, N, L
'LLA = ué’;g:xo + %8MuA]$:$O + %aMaNUA‘z:xO + %8M8N8LUA‘$ZIO + ...
where, yM =aMy® (3.5)

In a similar manner the normal vector to the surface ¢ = 1 is given by

yM M, N M, N, L

A yy A vyyy
D 8Mn ’$:$0 + 728]\/[61\7” ‘1‘:;1;0 -+ W

2D

A A
n = nflpmzy +

aMaNaLnA‘z:ﬂ) + ...
(3.6)
where, the Taylor expansion coefficients of n“ are appropriately related to the coefficients in
the expansion of 1. The Taylor expansion coefficients of u“ are appropriately constrained
to make the velocity vector unit normalised and orthogonal to the normal vector.
Since, the spacetime under consideration has a distinct fast direction along diy) we chose
one of the patch coordinates y® along this direction. We call this coordinate R and it is

related to the shape function by

=14+ % (3.7)

With this choice of the R coordinate the blackening factor becomes

f=1—¢p~ P =1_cR1L0(1/D) (3.8)

1Tn practice, it is convenient to work in terms of a set of effective gravity equations in a reduced p + 3
dimensional spacetime involving the p+ 3 dimensional metric and a dilaton field ¢.The results obtained this
way can then be recast in terms of quantities in the full D dimensional spacetime. The results obtained are
then shown to be independent of the choice of p.The details of this procedure can be found in [13, 14, 20, 21].



The shape and velocity functions which had O(D°) derivatives w.r.t. the global coordinate
M have O(1/D) derivatives w.r.t. the patch coordinates. Hence, it is easy to see that at
first subleading order in 1/D the EGB equations when evaluated in the patch coordinates

on the ansatz metric, evaluate to a non-zero quantity of the form?!?

EJ?JN(aMnNH:xoa aMUN|96=900> R) + 5EJ1\JN(aMnM|x:xoa 6M“N’m=xoa R)

Since, the part which remains unsolved at the subleading order is only a non-trivial function
of the patch radial coordinate R,'? the necessary corrections need only be functions of the
R coordinates, i.e. the corrected metric at first subleading order can be written as

oy = G + 5 (Y (R) + Yy (R)) (3.9)
We will be solving for the metric corrections order by order in 5. It is easy to see that
the corrected metric solves for the EGB equations at the subleading order in 1/D (to
linear order in f3) if the metric corrections satisfy the following ordinary differential equa-
tions (ODE) in the R coordinates with sources and the various coefficients dependent on
the ultra-local Taylor expansion shape and velocity data at the point zg. The schematic
form of these ODEs can be written as

DH][\)JN + E%N(aMnN‘x:xoa8MUN|a::xovR) =0
0

where, D is an ordinary differential operator order two. The structure of the differential
operator which is the same at all orders in § is completely determined by the Einstein-
Hilbert part of the EGB equations.'*

3.3 Scalings with D

We have considered the large D limit where the spacetime preserves a SO(D — p — 3)
isometry. It is important to find out how various quantities (constructed out of the ¢ and
u) scale with D, when we have this isometry. For this, we refer the reader to section 3
of [16]. The simple rule described in the equation (3.2) in that section allows us to find the
relevant scalings. For example, K ~ O(D) and V2u ~ O(D). Recall that the Gauss-Bonnet
parameter « is chosen to scale as O(1/D?).

12 Although the derivatives of the shape and velocity fields are O(D°), because of the large isometry in
the D — oo limit, the divergence of vector quantities can be O(D) higher than their naive order in D.
See [15] for more details.

Bthough it contains ultra-local information about the local derivatives of the shape and velocity function
at z°.

11f the computation is done in a non-perturbative manner in 3, one would expect that the differential
operator may contain more than two derivatives coming from the higher derivative terms in EGB equa-
tion. But since, Gauss-Bonnet gravity falls into the Lovelock-Lanczos type theories, the maximum order
of derivatives will be two even non-perturbatively. We will use this later to present result for first order
membrane equations non-perturbatively in 3.



3.4 Some technical details
3.4.1 Choice of gauge

We have to fix the gauge freedom in the choice of the metric corrections arising from the
diffeomorphism invariance of gravity. We follow the convention followed in earlier papers
and make the following gauge choice

HYyNOM =0 HYNOM =0 (3.11)
With this gauge the most general form of the metric correction can be written as

1
Hyn = H®0u 05 + S HT Py + (H{ Ox + HY Onr ) + H{p,

where, PuN = NuN + upuny — nyny
and, H](\}/)nM = HJ(\}[/)UM = H](\L)VUM = H](\;J)VnM = H](\;J)VPMN =0 (3.12)

In the above and the rest of this section we have suppressed the superscript corresponding
to the order in £.

3.4.2 Boundary conditions

As stated earlier the metric corrections should have non-zero support only in the membrane
region and hence we should impose the following boundary condition at the end of the
membrane region

lim Hyn(R) =0 (3.13)
R—o00

Also, we are working in a coordinate system in which the ansatz metric is well defined
everywhere outside the singularity at the centre of the black hole. We would like the
corrections to also satisfy this property and hence we demand that the metric corrections
be regular everywhere in the membrane region.?

Even after imposing the above regularity and boundary conditions some ambiguity in
the metric corrections is still left unfixed. This is due to the fact that the definitions of the
velocity and shape field are ambiguous at subleading order in 1/D as these redefinitions
leave the leading order ansatz metric unchanged. At leading order the velocity vector
field raised w.r.t. the flat spacetime is the generator of the event horizon of the spacetime
located at 1 = 1 [15]. We fix the subleading ambiguity by demanding that the subleading

= 1,'6 and keep the generator of the event horizon

order corrections keep the horizon at 1
to be the velocity vector field. These two conditions impose the following two boundary

conditions on the metric corrections at R =0 (or ¢ = 1).

HYpoo =0
H|peo = 0. (3.14)

After this the metric corrections are completely determined in terms of the shape and
velocity function of the dual membrane modulo one remaining issue which we address below.

15We will not be interested in the metric corrections deep inside the black hole beyond the membrane
region. Since, this region is causally disconnected from the observer outside the horizon we can describe
physics outside the horizon without the knowledge of the metric corrections in the interior region.

We demand that the surface 1) = 1 remains null.

,10,



3.4.3 The auxiliary conditions

The metric corrections are determined as functions of the R coordinate with coefficients
being the Taylor expansion coefficients of the membrane shape and velocity data in the
patch coordinates about any arbitrary point in the membrane region. The Taylor ex-
pansion coefficients are local derivative data of the membrane shape and velocity vectors.
These derivatives can also be along the normal direction itself. Now a membrane is solely
determined by the data on the membrane hypersurface only. Derivatives of the membrane
data orthogonal to the hypersurface are not well-defined. The only way to make sense of
the normal derivatives of the membrane data is to uplift their definition to a family of
hypersurfaces, of which the membrane is just one member. We call the choice of this uplift
as the auxiliary conditions. Obviously this uplift is not unique and hence different choices
will give rise to different values for the normal derivatives and hence apparently different
metric corrections. But the ‘physical content’ of the apparently different metrics are the
same as they all arise from the same physical membrane data.
In this paper we choose to work with the auxiliary conditions used in [16] given by

2 1 _
v <w<D3>> =0
0-VO-P =0 (3.15)

where, P is the projector orthogonal to v and n mentioned above. This choice was found to
be particularly useful in the sense that for Einstein gravity, the metric corrections at first
subleading order vanished and the next to the subleading order corrections were also very
simple. Once, this choice has been made the metric of the black hole is now completely
defined in terms of the data of the dual membrane.

4 The results at first order in 1/D

The large D membrane effective equations to leading order and the first subleading cor-
rections to the metric of black holes in EGB gravity (upto linear order in ) was obtained
in [20].!7 The procedure is based on classifying the gravity equations into dynamical and
constraint equations along the “direction of evolution”, which in our case is in the direction
of coordinate R (which also happens to be the direction of normal to the membrane). The
interesting property of the constraint equations is that they have homogeneous parts with
order one even though the rest of the dynamical EGB equations are order two. Hence, the
constraint equations are thought of as a set of constraint on the possible “initial” conditions
on the metric on a hypersurface rather than as evolution equations. Another interesting
property is that once the constraint equations are solved on a hypersurface and the dy-
namical equations are solved everywhere, the constraint equations are naturally solved on
all other hypersurfaces orthogonal to evolution. Hence, the information contained in the
constraint equations is hypersurface invariant. Following [15] we evaluate the constraint

"Look for corresponding results for the most general theory of four derivative gravity with cosmological
constant in [21].
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equations on the R = 0 hypersurface, where, the homogeneous parts vanish, and so one is

1
b =
P 0<D>

V.-u=0(1/D)  (4.1)

left with a set of constraint on the membrane data given by!'®

VvV K2\ V, K K2 .
K“—<1—BDQ) ;é —l—uO‘Ka“—(l—i—ﬂm)u-Vu#

and,

The corrected metric with the choice of auxiliary conditions used in this paper are given
below!? (upto linear order in 3) by

1+ Bdy - d di - d
( £D¢3 V) _ng)(D_;b)> (OMd$M)2

IgMN = NMMN + (

K u- VK K
_4Be—2R (L1 4 R Cu K-
Be ( +e )(D—3)2< i u u+4(D_3))OMON o)
K V2 '
—l—/BR@_R (D - 3)2 ( ’CuA — 2u . VUA +uBKBA> (P]I\LZON +P]<‘[OM)

Kep — V(cup)
D -2

K
— 256_R7 (KAB — V(aup) —

CD A pB
(D — 3)2 P PAB) PMPN

Note that in the § — 0 limit the subleading correction is zero which is consistent with the
fact that in two derivative gravity the first subleading corrections to the metric are zero
with the choice of auxiliary conditions used here [16].

5 The results at second order in 1/D

In [15] the algorithm to systematically correct the metric upto arbitrary orders in 1/D
was presented for Einstein-Hilbert gravity. This algorithm can be easily adapted to the
EGB equations. This algorithm involves using the corrected metric at a given order as
the seed metric at next order. In our case we add corrections to the first order corrected
metric (4.2) in the same form as (3.12) but at one higher order in 1/D. The structure of
the homogeneous parts of the ODEs on the corrections remain the same at all orders [15],
but the sources now depend on higher Taylor expansion coefficients of the membrane and
velocity data. The schematic form of the differential equations at this order (like in (3.10))
are given by

DH N + ESn (00N | w=zgs OMruN | o=z OnrONNL 2=z OnrONUL | =a0, R) = O
DH iy + Ebin (OmnN | o=z OMUN 2=z, OMONTL |20 OMONUL | =0, R) = 0 (5.1)

¥The equation obtained using this procedure from the constraint EGB equations are in terms of the full

spacetime derivatives. Those equations have to be pulled back to the membrane world volume using the
auxiliary conditions mentioned above. Only after this the membrane equations become well defined in the
sense that they track the world-volume dynamics of the membrane variables. The equation presented here
is this pulled back form.

Y9Tn [20] a different set of auxiliary conditions were used: 1)n - Vnar = 0 and 2)n - Vuar = 0. And hence
the metric corrections obtained there were also different.
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5.1 The membrane equations at first subleading order

One can again evaluate the constraint part of the above equations at R = 0 to obtain the
subleading correction to the membrane equation of motion. These are given by

A 2 K2 af af B WS VAN 1
e +457%5K + 8275 (Vi0usV1o, )40 (57 ) (5:2)

The vector membrane equation is given by

/PU

Y

K2 VoK K2 .
l K <1 ﬁ(D 3)>IC+U Kag—<1+ﬁw_?))2>U'Vug

uﬂKﬂéK K2\ V2V2u, (VoK)(u-VK) (VaK)(VPu,) 2K VsV, u,
) T (& - K2 - K2
VoV2K Vo (KpsKPK) 52\ (u- K -u)(u- Vu,)
1
( D2) [ 3 +63D2 K
2 N’ B 2 . Ry
_ 1+5IC (u-K-u)(uw’Kgs) 6 1+57IC (- VEK)(u- Vuy)
K K2
52\ (u-VK)(u’Kgo) 8K2\ - Vug uP Kgy
+6<1+56 2) e +3(1+ﬁ3m) 53 ( +B—=5 ) 57|73
K2 u“uﬁ?aﬁgug 3@%5 3 7@21@3 8 u-@u[; 3 u~@u5 3
+(BD2> K K Ptk etk T Y
4 - 3 3 4 u-VK u-K-u)Vu
S Ba ) B ) B8 o o o o
ICU VugP KM—FICU Kwaa—&-lcu Kggw[,—k( D+9 & 4 e ) < Ps
1\2
°(5)
(5.3)
where,
Vot + Vou Pap =
_ Dhpy KTV vep af V-
g B Papﬁ 9 D—2 u

is the shear and A
Vyuy, — Vyuy,
2

is the vorticity of the membrane velocity field u*. The first line in the vector membrane

wag = PLPs

equation is the leading order in 1/D contribution to the membrane equation and the rest
are first subleading order in 1/D corrections to the membrane equation.

5.2 The metric corrections

The metric corrections (3.12) are written in terms of components with various tensor struc-
tures w.r.t. the hypersurface orthogonal to the velocity vector u and the normal vector n.
Since, the differential equations for the corrections are Ordinary linear differential equa-
tions, the metric components in different tensor structures do not mix. The sources to the
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homogeneous parts of each sector also preserve the tensor structure. Below we present the
differential equations obtained in each tensor structure. We write down the explicit form of
the homogeneous parts of the equations here with a schematic form for the corresponding
sources. We also present the solutions to these equations which preserve the right boundary
and regulation conditions here in an integrated form in terms of the schematic sources like
in [15]. For the detailed formulas for the sources, the reader is referred to the appendix A.

5.2.1 The tensor sector

Let £yn = 0 be the ordinary differential equations obtained by applying the EGB equations
to the first subleading order in 1/D metric plus the second order metric corrections. Then
the decoupled equation for the tensor sector is obtained from the following combination

P
PiiPNEas — 55 P Ean (5.4)

The decoupled tensor equations at different orders in 5 are given by

2 dH(OvT) dQH(OfT)
K ( MN_ | (] o R) MN —|—S(0’T)(R) _

“2D2 | dR dR2 MN
and,
1,7 1,7
_Lz dH](\/[N) 1— -R d2H](\4N) S(LT) R
207\ ar T ) TR | F S (B)
KCle—2R dH}g’,? 5 d2H](\2,§)

where, the superscript over the metric corrections denote the order in powers of # and the
tensor structure respectively. 51(\2’]5) (R) and SJ(\}’]z;)(R) denote the corresponding sources
for the differential equations in terms of membrane data. The equation at linear order
in 8 contains an extra source piece coming from the solution of the metric correction at
zeroth order in 8. Hence, the procedure involves first solving for the zeroth order in
metric corrections and then using it to solve for the first order in § metric corrections
while imposing the regularity and boundary conditions at each order.

In [15] a detailed algorithm to obtain solutions to the differential equations appearing
in two derivative theory of gravity in an integrated form for arbitrary sources with the
boundary conditions mentioned above was presented. Since, the structure of the homo-
geneous part in our case is also completely determined by the two derivative part of the
EGB equations, we can use the solutions presented there adapted to the sources for EGB

gravity. We present the solution here.

0T D? [~ dy Y 2 (0T
H](WN) = _2’C2/R 1 /0 dx e ](\/[N)(x) (5.6)
and ) )
17 D= [ dy e &(1T
H](\/[N) = — lCQ/R T /0 dx e ](\/[N)(x) (5.7)
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where,

4 (0,T7) 9 77(0,T)
5(1,T) _ (11 K _ordH N -R _or T Hyy
M (B) = Syn' (B) + 557 (6 ap Tl e )

5.2.2 The vector sector

The decoupled equation for the vector sector is obtained from the combination u?E4 BPJ\E}
and is given by

K2 o nd [ paHOY) oV
~gpr(l=e e RdR<eR an | s =o

2 (LV) 4 dH(O9V)
A e e d <eRdHM >+sj}’v)(3) b1emy <6—R M >:0

2D? dR dR 2Dt dR dR
(5.8)
Using the results of [15] the solutions to the above equations can be written as
D2 [e%¢) Yy 2z
H](\E)[’V) (R) = —2/ dy e_y/ dx S S](\?,’V) + e_RC](\?[’V) (5.9)
,CQ R 0 et —1

where, C](\E)[’V) is chosen so that H](\g,v) (R =0) = 0. The solution for the linear in 8 part of
metric corrections is

2

LV D= [ Y e*  Lav _RALV

where,

4 (0,v)
5(LV) _ c(LV) _ K ___-R d _pAHy,

and C](Vl[’v) is chosen so that H](\}[’V)(R =0)=0.
5.2.3 The scalar sector

The scalar sector contains two independent metric correction components, namely: H (")

and H®). The decoupled equation for H (Tr) is obtained via the combination OMON &y n
and is given by

’CQ 2 0,Tr 0,Tr
_727d2H(7 ) AT _ = ¢ 7d2H(7 ) — 0

The solution for the above equations can be written as

2 o] 00
HOI = 2D—2 / dy / dz SOI7) (5.11)
K2 [ )
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and

2 [ele] [e%¢]
o Y (5.12)
K2 Jr y

where,
4 Kt d?
1LTr _ (1Tr -R 0,Tr

There is no decoupled equation available for H(%). We use the combination of EGB equation
given by OMuNEyrn to solve for the HS) corrections once all other corrections are solved
for.20 The equation at order O(3°) is given by

K2 d d? A
a7 (20 + gh ) + 809 <0 o49)

where,

v
50.9) K2 _rd gy, K vAryY

_ I~ (0,95)
1D2° 4R spr k¢ (5.14)

The equation at order O(S) is given by

LQ iH(LS) + d72H(175) +8WS) — ¢ (5.15)
2D% \ dR dR? B '
where,
. Kt d 2 vAHPY) R\ d
(1,9) _ > —2R| R 7}[(0,5) o 7H(O’S) Y A 1— — 7H(0’TT)
S D¢ [ e(dR dR? > K +< 4>dR
> K2 _pd K2 vAHY)
ey Y gorn| _ AT —r @ garny AT NVTHA T s(1,8)
T TR 102¢ 4R o0z k0
(5.16)
The solutions are given by
2D? [ Y 5
HOS) 5 dy e_y/ dz #8009 4 =R 0:9) (5.17)
K2 Jr 0
where, C(%5) is chosen so that H(%) (R = 0) = 0 and
2 0 Yy .
HOS) = % dy e_y/ dz *S1) 4 e~ 9) (5.18)
R 0

where, C(%) is chosen so that H(M9) (R = 0) = 0.

2°In [15] the constraint equation along the O vector was used to solve for H),
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6 The entropy current

For the Einstein-Hilbert gravity it was shown in [19] that the membrane entropy current for
the black hole in the dual membrane picture is proportional to the velocity vector field of
the membrane. More precisely, it was shown that to leading order the membrane entropy
current is given by
p_ w 2

Jg = T +O(1/D?) (6.1)
And using subleading order membrane equations for two derivative gravity derived in [15]
it can be shown that

V- Js = %O‘H,,UW’ +0O(1/D?) (6.2)
The above equation can be thought of as a local version of the second law of black hole
thermodynamics. Hence, we get the second law out of the membrane equations without it
being used as an explicit input.

Since, no candidate expression for second law ( in full generality) for EGB gravity is
known, the task will be to write down the expression for an entropy current which has a
non-trivial positive definite divergence in the large D limit (upto linear order in ). This

entropy current must satisfy some general criteria, namely

e In the limit of 5 — 0 the entropy current should reduce to the corresponding quantity
for Einstein-Hilbert gravity.

e In the limit of stationary “dynamics” the integrated entropy from the membrane
picture should match the Wald entropy of the corresponding stationary black hole.

To do this it will be convenient to recast the scalar membrane equation into a more use-
ful form.

Consider the membrane propagating in background flat spacetime. Let R,s be the
intrinsic Ricci curvature of the membrane world-volume. According to the Gauss-Codacci
equation (see e.g. eq. (3.39) of [24]) we have

Rap = KKop — KapK" s

— R =K?— K,3K
and, v- R-u=Ku-K-u—u-K-K-u (6.3)

Using this we can recast the scalar membrane equation (5.2) as

- 2 8a [ - 1
Viu=—<(1-aR) 0ap0®® + 4o 0og R + © (v%aﬂvvaﬁ) +0 <D2> (6.4)
It is clear from the above equation that the entropy current is not the same as in Einstein-
Hilbert gravity as the divergence of the velocity field is not manifestly positive definite for
any membrane configuration.
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We propose that an entropy current for the membrane dual to black holes in EGB
gravity upto linear order in § is given by

200 PN 1
JE =~ (1+2aR)u! — a uns R — %Vﬂamaa“ —au-VugVoul + 0 <D3>
(6.5)

el

1 200 » N . 1
ut — o ug <RO‘”‘ — 2Rga”“> — %Vﬁagaaa“ —au- Vu[gvﬂu“ +0 <D3)

The divergence of the above entropy current is given by

2c0

g Ve 20 0w ViR + 00/ D?)

1
V-Jg = Y aV g <R°‘“ — 2729"‘“) —

(6.6)

In the above we substitute the value of V - u from the scalar membrane equation (6.4) and
use the following identity

R’“"@Mua = aagRo"B + - @uaRo‘“uu (6.7)
to get

) o

V- Jg = % (14 aR) + O(1/D?). (6.8)

2l The current

Hence, the proposed entropy current has a positive definite divergence.
written above reduces to the entropy current for the two derivative Einstein-Hilbert gravity
in the limit where, the GB parameter § — 0 (at leading order in 1/D). Hence, it satisfies
one of the consistency conditions. In the next subsection we demonstrate the second
consistency condition, namely the match with the Wald entropy of the dual black holes in

the stationary limit.

6.1 Comparison with Wald entropy

We define the stationary configuration of the membrane as the one where there is no
entropy production. In terms of the entropy current defined above these configurations
would correspond to zero divergence of the entropy current. From the above section we see
that the stationary configuration (like in the Einstein-Hilbert gravity) corresponds to the
membrane configuration where the shear of the velocity field vanishes. We also have

Vou=0 (6.9)

Since, the velocity field is both shear and divergenceless, it must be proportional to a
timelike Killing vector field present in the membrane world-volume [25]. So, the existence
of stationary configuration necessitates the presence of a timelike Killing vector field in the
membrane world-volume.

21We confine ourselves to dynamics which preserve a large isometry in the D — oo limit. In this limit
the leading order contribution to the trace of the extrinsic curvature comes from the curvature of the large
sphere in the isometry directions. Hence, the trace of the extrinsic curvature is always positive definite in
the situations that we consider. Also, at leading order in 1/D, R = K? and hence positive definite.
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Since, the entropy current is conserved in the stationary configuration we can compute
the entropy which is the charge corresponding to this current on any arbitrary space-like
slice of the membrane world-volume. Since, the membrane world-volume has a timelike
Killing vector field, we can choose a ‘Kaluza-Klein’ like coordinate system (used also in [26]),
in which the induced metric on the membrane world-volume is given by

ds? 4 = —e?7 @) (dt + ai(x)dxi)z + fij(z)dz'da? (6.10)

It is clear from the form of this metric that the % is the Killing vector field. Let us now
construct the entropy by integrating the entropy current over the ¢ =constant spacelike
slice, X¢. Let g, be the unit normal to the slice ¥; in the membrane world-volume.

Smem = | VhJPq = [ /fe?@Jt. (6.11)
Et Et

In the above we have used some results associated with the Kaluza-Klein type metric from
section 6 of [26]. Using the fact that we are in the stationary configuration, the entropy
for EGB gravity in the Kaluza-Klein type coordinates then evaluates to

Sinem = f ( (1+2aR) — oth> (6.12)
Now, using the results in section 2.1 of [27] we have??
R =R -2V + O(1) (6.13)
Also,

RY = Rlirg™ + RFip9"
where, R'y = f‘? 29 fimg o 4+ O(1) = e27V20 + 0(1)
and RMy; = Fkle%flk8kaaj +0(1) = e*V%0a; + O(1) (6.14)

Combining the expressions above we have,
Rl = (—e 27 +a*)(e?V?0) — a (e**V?0a;) = —V?0 + O(1) (6.15)

where, R is the Ricci scalar of the metric f;;. Hence, from (6.13) and (6.15) we have

Sem = f ( (1+2aR) + 0(1/D2)> (6.16)

We now turn our focus on the Wald entropy for stationary black holes in EGB gravity
which is given by the following expression (e.g. [7])

1
Swala = § g Vh (1420 Ry). (6.17)

*2Tn this section the quantities with overhead bar are w.r.t. the metric fi;.
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Here, X3, are spatial slices of the horizon at constant v such that 0, is the generator of
the event horizon. R is the intrinsic curvature of the induced metric on ¥, thought of as
being embedded in the black hole spacetime.

In our conventions, the spacetime metric on the horizon of the black hole is given by

1
gmMnN = nunN + OnON + H](\;])V + BH(T’")PMN (6.18)

the above metric is rank two as the event horizon is a null hypersurface. It was shown
in [19] (section 7) that for computing dot products of all vectors tangent to the event
horizon the above metric is equivalent to the metric given by

1
Hyn = Pun + H) + SHT Pay (6.19)

For all practical purposes the above metric can also be taken to be the metric on the slice
>.» mentioned above. From our computations we know that

HT) = g1 4 gyt gl — g 4 gElD (6.20)

where,

1 1 1 1
0,Tr) _ 1,7r) _ (0r) _ (LT) _
H' >_o<D3>, H( >_0<D2>, Hy/x _(9<D2>, Hy/n _0<D> (6.21)

For a metric which can be written as

gMN = Gun + kun + O(k?) (6.22)

the determinant is given by

VI=V9g (1 + ;gMNkMN> (6.23)
and the Ricci Scalar is given by
Ry = Ry Nknn + VMVNEyn + VY] (6.24)
Hence, upto O(1/D?) and upto O(B) we get
VR =V, (145800 ),
Ry =Rp+O(1) (. trace and divergences add orders of D) (6.25)

We must remember that due to the isometry of the configurations Ry is O(D?). Hence,
the Wald entropy on the membrane world-volume is given by

SWald = — \/73(1 + 2aRp) (6.26)

4 /s,
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Going back once again to the Kaluza-Klein type metric in the membrane picture the
projector orthogonal to u vector (J; vector in this case), is the metric f;;. Hence, the
membrane entropy can also be written in a more covariant form as

1
Stmem = 7 VP (14 2aRp) (6.27)
pI

To leading order in 8 the Wald entropy matches the entropy obtained from the membrane
picture if
P‘Ev = P|Et :

Once the above is assumed it naturally follows that the intrinsic curvature calculated will
also be the same for these metrics and hence we have a match between Wald entropy and
membrane entropy to linear order in /5 upto subleading order in 1/D.

7 Some results non-perturbative in 3 for EGB gravity

Until now all the results presented by us at second order in 1/D are valid upto linear order
in B in a perturbative expansion. We obtain a membrane entropy current which has a
manifestly positive definite divergence upto O(5) lat O(1/D). The natural question that
comes to mind is if there will still exist an entropy current with positive definite divergence
non-perturbatively in 5. The first step in this direction is to find the membrane equation
upto first subleading order in 1/D non-perturbatively in . In this section we present the
leading order membrane equations non-perturbatively in § for EGB gravity.

The starting point for the computation is the non-perturbative Kerr-Schild form of the
Schwarzschild metric for EGB gravity given by

ds® = —dt* + dr® + r2dQ3,_o + (1 — f(r))(dt + dr)?

2 D-3
where, f(r) =1+ ;;5 1- \/1 + 45;’1_1 (1 + g) (7.1)
h

using this we write the ansatz metric as

ds> = ds> _D72w2 1-— 1+4,8£2L 1+5’C—2 (Oprdz™)? (7.2)
Sansatz Stlat 26K2 D2 wD—l D2 Max : !

Next we apply the algorithm mentioned in the earlier sections to correct the metric at
sub-leading order. In this case we do not grade the metric corrections in a perturbative
series in 5. Due to the special property of Einstein-Gauss-Bonnet (EGB) gravity and
more generally of Lovelock-Lanczos type gravity, the ordinary differential equations on the
metric corrections are still of order two and the constraint equations are still order one.
Both the coefficients of the homogeneous part of the ODEs and the sources are much more
complicated in this case. The homogeneous parts of the relevant constraint equations vanish
when evaluated at R = 0 (assuming that the metric corrections are regular everywhere).
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We are again left with a set of constraint on the membrane data: namely the leading order

in 1/D membrane equations non-perturbatively in 8 given by

VZu, ﬁ%z V,.K
— 1= M aKa
K ( 11288 okt | T T o

D2
B . (1)
1+ N, |PE=0 (=
( 11285 4oy )T D (7.3)

A 1

Once the membrane equations are satisfied the ODEs for the metric corrections can be

and

solved with the same boundary and regularity conditions mentioned earlier for the pertur-
bative case. We do not present the results for the metric corrections here as the solutions
are very long and do not help in gaining any new understanding of the black hole dynamics
relevant at this order in 1/D.

7.1 Leading order entropy current at non-perturbative order

Inspired by the form of the entropy current derived above at subleading order in 1/D
(upto linear order in /), we can write down an entropy current at leading order in 1/D
but non-perturbatively in [ given by

12
JeN = uz (1+2aR) — o usR* + O(1/D?) (7.4)

This current has the right § — 0 limit in the sense that it matches the entropy current
of the Einstein-Hilbert gravity. The divergence of the above entropy current using the
non-perturbative membrane equations is given by

. v - . 1
V- JYP = V4” — aV,u, <Ra“ - 29““73)

= O(1/D) (V-u=0(1/D)) (7.5)

i.e. there is no entropy production at leading order in large D for EGB gravity. This is
similar to result obtained for Einstein-Hilbert gravity. To understand if there exists an
entropy current for EGB gravity which satisfies second law we need to evaluate the non-
perturbative in f membrane equation of motion upto subleading order in 1/D. We leave
this task for a future project.

7.2 A world-volume stress tensor

A correct world volume stress tensor?® for the membrane at a given order in 1/D has the
property that its conservation equations are satisfied on-shell. From the form of the non-
perturbative in § membrane equation at leading large D order presented above one can

23 A world-volume stress tensor is defined only in the world-volume of the membrane. It is not the stress
tensor of the membrane in the spacetime and hence cannot be used to compute the gravitational radiation
due to the membrane in the spacetime.
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guess the form of the world-volume stress tensor to the relevant order as

1-B 1+ ak?
1677}, = (1 4 aK?)Kuyu, + <1+B) (14 aK?*) K, — 2 <1++O‘B> Oy

+ Ayu, + Ayuy,
ak?

B 1+ ak? 15}
14 2aK? + 202K4 7

« B —
1+2a/c2>“ P =T
(7.6)

A, = —4ak? (

The conservation equation of this stress tensor along the velocity vector field is given by

167V T u” = —(1+aK?)KV - u —u- VK(1 4+ ak?) — 2aK?u - VK
1+ak?+2aK* . 1+2aK? 4+22°K* .,
1+2aK2 vk =2 1+ 2aK? Viouu (1)

Also,
VHiou? = O(1).

Combining the above two we get
167VAT,u” = —(1 + aK?)KV -u + O(1)
= 0O(1) (~V-u=0(1/D)) (7.8)
Similarly, the conservation equation orthogonal to the velocity vector field is given by

1 2 1 902K .
+ ol + QKVV/CPZ

167VAT,, PY = (1+ aK?)Ku - Vu, PY +

1+ 2ak?
1+ 2aK? 4 20°K* o, )
2z Viow P+ 0(1) (7.9)
Also,
=72
. K
Sha, Py — Y Ut K - K)sps 1 o) (7.10)

2
Combining the above two equations along with the leading order vector membrane equation
we see that
VIT,WPL = O(1).

hence, the membrane stress tensor is conserved to leading order provided the leading order
membrane equations are satisfied. The overall normalisation of the stress tensor is fixed
by matching the total energy on a static spherical membrane with the mass of a static
spherical black hole of horizon radius same as the radius of the membrane.

7.2.1 The n/s ratio

We define the coefficient of shear tensor in the membrane world-volume stress tensor (with
the above mentioned normalisation) as the “shear viscosity coefficient” ‘n’ of the membrane.
The ratio of the shear viscosity to entropy density of the membrane for EGB gravity is
then given by

1 [1+ak? 1 ) n 1 5 (14 ak?)
- (et — (142 Do 21— 2aKk? - T ) 11
g 1677( 1+ B > s=q (207, O=1 K a2z (T
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The ratio matches with the 7/s ratio of the dual boundary conformal fluid for EGB gravity
derived in [28] upto linear order in «. Ideally we should be computing the boundary stress
tensor sourced by the membranes in AdS space (see [26] for similar analysis in Einstein-
Hilbert gravity). But this match at linear order in « is in similar spirit to the match of the
corresponding ratio in [26].

7.3 Stationary solutions

At the leading order in large D there is no entropy production even non-perturbatively in
[£. But we borrow intuition from the membrane equations at subleading order for Einstein-
Hilbert gravity derived in [15] and for EGB gravity perturbatively in 8 here to invoke the
condition on stationarity as the absence of shear for the membrane world-volume velocity
field. Since, the velocity field is both divergenceless (using membrane equation) and shear-
less, it has to be proportional to a timelike Killing vector field k* present in the membrane
world-volume, i.e.
utt = ~kH.

where 7 is the normalization factor. Using this form of velocity the scalar membrane
equation is trivially satisfied as

kE-Vy=0 (. k iskilling vector).

The vector membrane equation becomes

A~

V]/ @V’C
T 11— B)

(14 B)=2 -

Py =0(1/D) (7.12)

Which can be messaged into a more suggestive form in the following manner

SN i” + 8 - g; @’glc PY = 0(1/D)
- -iﬂ * @IQK (12+BB) V;IEIC Py = O(1/D)
— :mlnw%ln/u%ln <%>}pg:@(1w) (7.13)
— V,In (f%) PY — O(1/D)
K 1+ak?

;m =(C where, C is a constant

The constant can be fixed by comparing what the left hand side above evaluates for a static
black hole in the leading large D limit. Comparing with the temperature of static black
hole for EGB gravity obtained in [29], the constant can be fixed to be given by

IC(1+aIC2

— | ———— | = 471 14
0% 1+2aIC2> o (7.14)
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7.4 Thermodynamics of the static black hole

The membrane stress tensor can be used to compute the energy of a spherical static mem-
brane of radius r¢. This is given by

_ D —2) I6] _
M:Q_DQT:(il—DQQ, 1
D-2T 00 1677 +T(2) 0 D—2 (7.15)

This exactly matches with the mass of static black holes in EGB gravity given in eq. 7
of [29] with our ansatz metric and eq. 8 in that paper then gives the right match of mass of
static black hole with the result derived above. Similarly, the leading order entropy current
derived above can be used to compute the entropy of the corresponding static black hole
to be given by
rd 2 0p o B
Sent = 1 (1 + 22> (7.16)
7o
which matches at the leading order in 1/D with the corresponding expression in eq. 13
of [29].

7.5 Quasinormal mode frequencies for the static spherical black holes

The effective membrane equations for Einstein-Hilbert gravity could successfully reproduce
the spectrum of light quasi-normal modes about Schwarzschild black holes in the D — oo
limit (see [13, 15]). In this section we use the effective membrane equation to leading order
(non-perturbative in ) to predict the light quasi-normal modes of the static spherical
black hole of unit horizon size in EGB gravity. Consider background flat spacetime in the
spherical polar coordinates

ds? = —dt® + dr® 4 r?d3,_, (7.17)

The membrane configuration which computes the light QNMs of static black holes is
given by
r=1+eor(t,a), u = —dt + edu(t,a)dt + edug(t, a)dd® (7.18)

where, 0% denotes the angular coordinates on the D — 2 dimensional unit sphere. We work
upto linear order in the strength of the fluctuation denoted by e. The membrane equations
upto linear order in € for this configuration is given by

=2 =2
<1 + 7)) Sug + (1 —B)V, <1 + 7)> Or — 010,0r — (1 4+ B)0idug =0 (7.19)
and the scalar membrane equation becomes

Voou® + Dor = 0 (7.20)

where the covariant derivative w.r.t. the metric on the unit sphere is denoted by V. And

g

b= 1+28+28%

(7.21)
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The fluctuations can be decomposed into the basis of scalar and vector spherical harmonics

and the Fourier basis in time. This decomposition converts the membrane equations into

a set of algebraic equations for each angular momentum number. The frequencies of scalar

and vector modes are obtained by solving these algebraic equations and are given by
—i(l—1) —i(l—1) £ /(I - 1)(1 - B2)

= s = 22
w 118 v 118 (7.22)

The spectrum of light QNMs for scalar and vector modes were obtained from the effective

equations in the mass-momentum formalism in [30] (see section 5.1). Our results for the
scalar and vector spectra match with that analysis.

7.5.1 Linear stability analysis of static spherical black holes

From the above expressions of the light QNMs it is clear that the static black hole is
unstable (i.e. the linearised modes grow in time) if

1+B<0
1
ie. —1<f<—3 (7.23)

Interestingly, the leading order in large D contribution to Wald entropy of the static black
hole is negative for aR < —% and hence falls into the region of instability mentioned above.
Hence, the value of the GB parameter is constrained by the requirement of linear stability
and positivity of Wald entropy.

Again looking at the scalar modes we see that for [ > é the scalar mode is purely
imaginary. If we confine ourselves to § > —% then

1 1
3 >1 and hence for [ > B > 1, (7.24)

we get purely imaginary scalar modes. Also, one of the scalar modes with frequency

—i(l-1)—/(1—1)(1—B21)

becomes unstable if

1+B
(I1-1)—/(1-1)(BU-1)<0
— 1-1<B-1
— B*>1 (7.25)
Which is not possible once we have [ > —%. So to conclude, in the allowed regime of

8> —% all the linearised modes are stable.

8 Summary and future directions

In this paper we have derived the equations governing the membranes dual to dynamical
black holes in the large D limit in two different regimes

e Perturbatively in § (the GB parameter) upto O(8) but upto subleading order in 1/D
and

e Non-perturbatively in 3 but upto leading order in 1/D
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We have also constructed an membrane entropy current in both of these cases from the
membrane equations which satisfy a local form of second law of thermodynamics in the
corresponding regimes. What we mean by this is that when the membrane equations are
obeyed, the divergence of Entropy current is always positive definite. We find a non-trivial
but positive definite entropy production in the perturbative § regime. We have not yet
mapped the membrane entropy current to the corresponding quantities in the black hole
picture except in the stationary configuration. We have shown that the entropy obtained
by integrating the entropy current on the membrane world-volume in the stationary con-
figuration matches the Wald entropy of the dual stationary black holes.

For the non-perturbative in 3 regime we have written down a world-volume stress
tensor from two conditions, namely:

e The stress tensor is conserved on shell upto relevant order in 1/D

e The energy of a static spherical membrane computed from the stress tensor matches
the mass of the static spherical black hole solution of EGB gravity with the same
radius.

We have also constructed the effective membrane equation for stationary membranes in
this regime.

We have seen that both in Einstein-Hilbert gravity and the perturbative in # analysis
here that non-trivial entropy production takes place only at first subleading order in 1/D.
Hence, we would like to work out the dual membrane equations non-perturbatively in 8 but
upto subleading order in 1/D for EGB gravity. Once, we have the membrane equations
it will be interesting to see if we can construct an entropy current which satisfies the
second law.

It will also be interesting to understand more about the general theory of membranes
which are dual to black holes in large D gravity, which are consistent with the presence
of an entropy current which has a positive definite divergence.?? The idea will be to put
constraints on the transport coefficients of the membrane from the validity of second law
which can then be thought of as the possible constraints on the most general classical
theory of gravity.

It will also be interesting to work out a more detailed map between geometrical quanti-
ties on the black hole and on the membrane world-volume. Some progress in this direction
for Einstein-Hilbert gravity has been made in [32].This map is necessary to understand
what the membrane entropy current evaluates to in the black hole picture so that we have
a better understanding of the quantity that satisfies second law in terms of the black hole
variables. This is also necessary to match the results obtained by us to the corresponding
results in a different regime of dynamics in [3, 4] and [7]. In this paper we have managed
to work out this map in the stationary case upto relevant orders in 3 and 1/D.

2We would like to accomplish a task similar to [31], where the authors derived a theory of first order in
derivative superfluid dynamics.
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A The sources for the second order EGB equations
In this appendix we write down the explicit forms of the sources for the EGB equations
at second order in 1/D. In all the expressions given below we will be using two different

types of projectors given by

PuN = NMN —NMNN + UpUN

Iy = nuN — nuny (A1)
A.1 The tensor sector

K
5](\2’;5) =e [(KAB — Viaup)) — (Kca — Veua)(Kpp — Vpu)PP | PAPR

D
and,
K%
S](\/l[}z;) = ﬁe 2R |:(1+€R)KA0KBDPCD —ZV(AUCPCDKDB) +(1—6R)V(AUC)V(BUD)7DCD

+ (3 + GR)V[AUC]V[DUB]PCD — 2(1 + GR)V((AUC)PCDV[D’LLBD

+ (212 (4+2(2+6R)R+R2)+U-K-u) Kap
+ <—2]; (—4 — 4R + R? +2€R(1 +R)) +u- K u) V(AUB)
—26R(u-VuA—uCKCA)(u~VuB—uDKDB)

2

K K R A pB

A.2 The vector sector

_»D[K? K
S}S’V’ =— Re RE EHAV(AUF) + BUDKDE(KAF — Vaup)PEA

VpK
— %’PCD(KCF — chp) PJFM
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2 1 — R 2
SV) = %e‘QR [ (26) WOV (IAV 4upIB)u — 3(1 — ) (1 - R)%PCBV(BW)
2 2
+ (1 —ef) (=3 +5R) Vuc POEV pup + (3 — 3R+ ef (-3 + 2R))%PCBKBF
—(5=3R+ (=54 2R))u- VucPPKpr — (1 — e®)(=5+ 3R)u - VucP PV pup)
1—ef(1+2R
+5(1—e®)(1 = Rju - VuePoBVgup + %MKACPCBKBF
_elt 4 .
+ ReRuAKAcPCBV[BuF] + WU K -uuPKgr+ (-1+ eR(l—i-QR))u V]CuBKBF
- %R(73(74 +R) +e®(-10+ 3R)) WP Kpp + (-3 + e (3+ 2R))u- K -u u-Vup
+2(1—ef(1+ R)L vk Vup + %(4 +6R — 3R>+ e®(—4 — 4R+ 3R*))u - Vur
2 . 2
+(1-efyu K- uv UE (—1+ eR)u VK Vur + RePus KA PPV pup)
K K K
K 2 R oy Viur | p
+ 4D(_8+3R — e (=84 2R+ 3R%)) e P
(A.3)
A.3 The scalar sector
A.3.1 The trace sector
S(O,TT) -0
and,
Kc? K2 K Kc?
(1,7r) _ o™ R _ - ABpCD N G A
SWIr) — 2D26 [(KCA Voua)(Kpp—Vpup)P*"P D3 2Du K-u—+ D2
(A.4)

A.3.2 The H®) sector

2
G(0:5) — R VAuBVCuDHBCHAD—2V[AuB]V[CuD]HBCHAD—%u VucPCu - Vuy

2
+ 208 Kpau - VuePC + R%u - VuCPCAM

K
V3u 2 — R?2V?uy Vu
o B CA A A C ~CA
2upK” P i + 5 K I P
. 2 —_— 2
_2<u VIC—u-K-u> +22;DR(ICU-K-u—u-VIC)
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and,

e V2V2u VaV2K
S5 — T3¢ r 3¢ B(-8 +3efi(-1+ R))V4 <K3A> +(-1+ RV~ (%)

2

K
+ KABKAB ~D_3 +(1- 46_R)VA'LLBchD’PAC'PBD — G_RV[AUB]V[C’LLD]PACPBD

VQ'LLA VQ'LLB PAB
K K
—e B4+ (2 4R+ (-2 + 3¢®)R?)u - Vuau - Vup PP

1
— 5e*R(—4(2 — R+ R?) +ef' (=10 — 4R + 5R?))

VQUA
K
1
+2(1 + 2 BYuP Kpsu® Ko pPAP — §e—R(24 + ef' (=6 + R?)uP Kpau - VucPAC

PAB

1
+ §e—R(—S + (2= R+ R% +eff(=10 — 12R + 11R?))u - Vup

u- VI
K

1 V2
+ e [0+ (2 - 4R + RQ))%UBKBAPAC te B(-32+4eR(5-R+2R))u-K -u

u- VK
K

—e B8+ e 4+ R?))(u- K -u)? — e (—36 + R%e™) ( ) + 56*3(74(—5 +R)R

. 1
+ef'(4 —4R —4R? + RS))% - 5e—R(—4(1 ~5R+ R*) + e (8 —5R? + RS))%u K-u

1 —R(_R 2 IC2

(A.5)

where V denotes spacetime derivative projected orthogonal to normal ny,.
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