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Reparametrization symmetry of local entropy production on a dynamical horizon
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Recently, it was shown that for a dynamical black hole in any higher-derivative theory of gravity, one
could construct a spatial entropy current, characterizing the in/outflow of entropy at every point on the
horizon, as long as the dynamics of the amplitude is small enough. However, the construction is very much
dependent on how we choose the spatial slicing of the horizon along its null generators. In this paper, we
show that although both the entropy density and the spatial entropy current change nontrivially under a
reparametrization of the null generator, the net entropy production, (which is given by the “time” derivative
of entropy density plus the divergence of the spatial current) is invariant. We have explicitly verified this
claim for the particular case of dynamical black holes Einstein-Gauss-Bonnet theory.

DOI: 10.1103/PhysRevD.108.104032

I. INTRODUCTION

It is expected that a low-energy effective description of
any UV complete theory of gravity will typically have
higher derivative corrections to Einstein’s theory of gravity.
We could further expect that such a corrected theory of
gravity would admit a classical limit and also black hole-
type of classical solutions with its curvature singularity
shielded by an event horizon.

It is well-known that black hole solutions in two derivative
theories of gravity are analogous to large thermodynamic
objects with many underlying degrees of freedom [1-3]. One
could associate temperature, energy (and other conserved
charges), and entropy to every black hole geometry which
satisfies all the laws of thermodynamics.

For black holes in higher derivative theories, we still do
not have a complete understanding of all their thermody-
namic properties. Specifically, in a dynamical situation, we
do not know which geometric property of the black hole
should be used to identify with the system’s entropy so that
it satisfies the second law of thermodynamics.

However, we know how to construct entropy geometri-
cally, even in any higher-derivative theory, if the black hole
is stationary [4,5]. By construction, this entropy satisfies the
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first law of thermodynamics but if the black hole is
dynamic, several corrections that necessarily vanish in a
stationary situation and do not affect the first law could be
added to this entropy expression [6—8].

Recently, in [9], the author fixed some of these ambi-
guities in the expression of entropy by studying gravitational
dynamics of very small amplitude so that any nonlinear term
in this amplitude could be neglected. Then in [10,11], the
authors constructed a spatial current whose divergence could
be identified with the entropy in/out flow in any infinitesimal
subregion of the horizon. Using the entropy density and the
spatial entropy current, one could restate the second law in
an ultralocal fashion where entropy is produced in every
infinitesimal subregion of the horizon for generic dynamics
slow enough so that all the higher-derivative corrections
could be treated perturbatively.

However, this construction of entropy density and entropy
current relies on a very specific choice of the coordinate
system where the affine parameter along the null generator
of the horizon is one of the coordinates. Now it is possible to
reparametrize the null generators of the horizon in a non-
trivial way without affecting the affineness of the param-
eters. The expressions for both the entropy density and the
spatial current change under this reparametrization but we
expect the net entropy production, given by the “time”
derivative of the entropy density plus the divergence of the
spatial current, should be something physical and therefore,
independent of our choice of affine parameters.

In this note, our goal is to verify the above expectation
for the special case of Gauss-Bonnet theory where both the
entropy density and the current have been explicitly
computed in [10].

We have found that under this transformation, the “time”
derivative of the entropy density as well as the divergence
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of the spatial entropy current change individually in a very
nontrivial way; however, they precisely cancel each other.
Apart from being a consistency check for the results
described in [10], it also demonstrates why a spatial entropy
current is necessary to make the laws of entropy production
independent of our choices of coordinates.

Although the current calculations are linear in the
amplitude of the dynamics, we eventually would like to
have some construction of entropy density and the entropy
current that satisfy the first and the second law at all
nonlinear orders and if possible, without using any pertur-
bation. In any such construction, a full knowledge of the
underlying symmetries might turn out to be very useful. The
requirement that the entropy current and the density must
transform in such a way so that the net entropy production
has some particular symmetry could be constraining for
all the nonlinear terms.! In other words, it would be very
interesting if, instead of verifying the symmetry in a
particular theory, we could use it to predict some relation
between the structure of entropy density and the spatial
entropy current in a theory independent manner. We expect
that our explicit computation in the simple case of Gauss-
Bonnet theory would help us to gain experience for further
progress in this direction.

This paper is organized as follows. In Sec. II, we describe
the setup of our problem, including the choice of our
coordinates adapted to the horizon. In Sec. III we describe
the reparametrization symmetry. In Sec. IV we explicitly
verify that the entropy density and the entropy current
maintain this symmetry in the particular case of Gauss-
Bonnet theory. Finally in Sec. V, we conclude. The details of
the calculation are explained in several appendixes.

II. SETUP

In this section, we shall briefly review the coordinate
system used in the analysis of [10] and the expression for
entropy current and entropy density for the Gauss-Bonnet
theory.

A. Coordinate system

As mentioned before, we are considering a black hole-
type geometry containing a codimension-one null surface
as the horizon. The coordinate system is constructed with
the horizon being the base i.e., we first choose (D — 1)
coordinates on the horizon. Let 9, is the generator of
the horizon which is a null geodesic with v being the
affine parameter, and x“, where {a =1,...,D —2} are
the spatial coordinates along the constant v slices of the
horizon. So {v,x“} together constitute a coordinate
system on the horizon.

'In [12] which came up shortly after our work, the authors
have included an elaborate discussion on this issue.

Once the coordinates on the horizon are fixed, we shoot
off affinely parametrized null rays o,, making specific
angles with horizon coordinates. The affine parameter r
along these rays is a measure of the distance away from the
horizon. The angles are chosen so that the inner product
between d, and 9, on the horizon is 1 and the inner
products between d, and d,’s are zero. After imposing all
these conditions, the metric takes the following form (see
Ref. [10] for more details):

ds? = 2dvdr — r*X(r, v, x*)dv* + 2rw,(r, v, x")dvdx®
+ hoy(r, v, x*)dx*dx”. (1)

B. Gauss-Bonnet theory

We consider a theory of pure gravity with a maximum
four derivatives. We are even more specific in choosing the
theory; we work with the Gauss-Bonnet theory of gravity
with the following action:

5= / dPxV=GIR+(R* 4R R, + R*"R,,,.)]. (2)

Here R, R, and R, ,, are the Ricci scalar, Ricci tensor, and
Riemann tensor” of the full spacetime respectively. All
raising and lowering of indices have been done using the
bulk metric g, .

The entropy density (/") and the entropy current (/%) on
the horizon have the following structure:

J' = (1+2a*R),
J¢ = @?[-4V, K% + 4VIK]. (3)

Here R is the intrinsic Ricci scalar of the constant v slices of
the horizon (i.e., the Ricci scalar computed using the metric
hay)- K, 18 the extrinsic curvature of the null horizon, and
V, is the covariant derivative with respect to

1
K,=-0h,,,
ab 7 vltab

K = h"K,,. (4)
The sole reason for choosing this theory is its simplicity.
Despite being a four derivative theory, the equation of
motion remains two derivative and both the entropy
density and the current can be constructed entirely from
h,, and its v and x* derivatives evaluated on the horizon,
which simplifies our task to a large extent. However, we

2 . .
According to our convention,

R=¢"R,, R,=R,,
Rt = @,F’,fa — 0,10, + Thal%, — F’éafgb
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must emphasize that the symmetry that we are going to
describe in the next section is expected to hold in any
higher-derivative theory of gravity.

III. SYMMETRY

In Sec. II, we chose a coordinate system adapted to the
horizon so that the metric takes the form as described in
Eq. (1). However, this form does not fix the coordinates
completely, some residual gauge freedom is still left and
both the entropy density and entropy current change
nontrivially under this unfixed coordinate freedom.

On the other hand, as we explained in the introduction,
the expression

%av(\/ﬁﬂ) + V. Ji,

(where J¥ and J' are the entropy density and the spatial
entropy current, respectively) is related to the local entropy
production along every point of the dynamical horizon and
therefore, we expect it to be invariant under the reparamet-
rization of the null generators.

In this section, we first describe this residual freedom
of coordinate transformation that is not fixed by our
choice of gauge. Next, we use the details of this trans-
formation to make our intuition about invariance more
precise.

A. Reparametrization of the null generator

The starting points in setting up our bulk coordinate
system are the affinely parametrized null generators of the
horizon and the coordinates along its spatial slices. Once
we fix the horizon coordinates, our gauge conditions
uniquely fix the coordinates along the bulk. It follows that
the residual symmetry that we are going to discuss here
must involve a transformation of the horizon coordinates
maintaining the affineness of the null generators. For
convenience, let us use a bar on all the coordinates of
the horizon to distinguish them from the bulk coordinates.
For example, {7, x*} denotes the affine parameter along the
null generator and spatial coordinates along the constant ¥
slices of the horizon only.

Now an affine parameter will remain an affine param-
eter if we scale it in a ¥ independent manner. So we
consider the following transformation on the horizon
(r = 0 hypersurface):

- T = et 7 -y = X% (5)

As mentioned before, both # and 7 are affine parameters
along the null generators of the horizon. However constant v
slices are not the same as the constant 7 slices. In other
words, the tangent vectors along the constant 7 slices given

as 0% are different from the tangent vectors o)

constant 7 slices. They are related as follows:

along the

Since the tangent vectors on the horizon change under
this transformation, we need to transform the r coordinate
also so that the tangents along the constant {z,y“} lines
(or the coordinate vectors pointing away from the horizon)
maintain the same angle with the coordinate vectors along
the horizon. This will lead to a redefinition of the r
coordinate and it will also correct the coordinate trans-
formation (6) as one moves away from the horizon,

Wz [1 + ;(pf)"V(n)(T, i)] ;

r=e*0p [1 + Z(pf)"R(n)(T, )_")] )

“= )+ (pr)Ze, (5.5). (7)

n=1

Let us briefly motivate the choice of the above ansatz. As
mentioned before, the coordinate transformation is gen-
erated due to the scaling function {(¥) being defined only
on the horizon and once this horizon function is given, the
rest of the coordinates throughout the bulk are uniquely
determined by our gauge condition. Clearly it is impossible
to solve these gauge conditions exactly for a generic space
time. But the problem is very well-suited for a near horizon
expansion since geometrically our choice of gauge is a two-
step process where we first choose coordinates on the
horizon and then shoot out null geodesics with precise
angles to extend them away from the horizon.

As it is often true with perturbative expansions, our ansatz
also involves few conventions and assumptions. First, note
that, strictly speaking, each of the expansion coefficients
[V (s, R(w)» and Z{, ], including the function e should
depend only on the LOI‘IZOH coordinates {7, y*}. Whenever
we are writing them as functions of bulk coordinates {z, y* }
it involves an extension of these functions to the bulk, which
is rather arbitrary. It is always possible to redefine the
expansion coefficients at any given order by adding func-
tions that vanish on the horizon without affecting the lower-
order coefficients. Similarly ¢ itself might admit a power
series expansion at a distance from the horizon [in fact if we
choose to write {(y*) in terms of {x“} coordinates this will
happen]. However, such redefinition, geometrically does not
mean that we are choosing new curves for coordinate axes,
since we know all coordinates are uniquely determined by
our gauge choice once we fix the coordinates on the
horizon. This is simply a rearrangement redundancy that
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is built into our perturbative technique of solving the gauge
choices. However, here we have chosen the most naive bulk
extension of all these horizon quantities by simply replacing
all the {7,7“} dependence with bulk coordinates {z,y*}
(which may not be the simplest choice in terms of the final
form of the expansion coefficients).

Next we come to the second unusual choice we made in
our ansatz. A near horizon expansion in our coordinates
simply means an expansion in powers of p [and not in the
powers of the product (p7) as we have done here]. We note
that there is no loss of generality in expanding in the powers
of the product (pz) if we keep the 7 dependence in the
expansion coefficients completely free. The reason behind
this choice of expansion parameter is related to equilibrium
(stationary) horizons. We know that in stationary black holes
the radial dependence of the metric components is always
through the boost-invariant product (pz) or (rv) [10].
This is true provided the coordinate transformation has
the structure as described with coefficient functions
independent of 7 coordinates. In other words in our
(pr) expansion, the expansion coefficients will depend
on 7 only when the horizon is evolving with time, thus
enabling us to clearly distill out the effect of dynamics
from that of the stationary case.

Fortunately all these subtle issues about the form of the
coordinate transformation turn out to be completely irrel-
evant for the present analysis of Einstein-Gauss-Bonnet
gravity. For this theory both the entropy density and entropy
current are entirely constructed out of the induced spatial
metric of the horizon (denoted as h,,) and its derivative
along the tangents of the horizon (i.e., d, and d, only and no
d,). Here we do not need to know the metric components
away from the horizon and therefore there is no need to
determine the coordinate transformation for nonzero p.3 The
induced metric on the horizon remains invariant under the
reparametrization as

hij = h;j + O(r). (8)

B. Why we expect this transformation to be a symmetry

Here, we shall present a heuristic argument of why we
expect such a symmetry to be there in the first place. The
argument is very similar to what one uses to prove the
physical process version of the first law.

Following the setup in [8], consider a stationary black
hole. The horizon is a Killing horizon in the absence of any
perturbation; at some Killing time f,, matter fields are
perturbed. If we treat the amplitude of the field perturba-
tion as of O(§), then typically, the fluctuation in the matter
stress tensor would be of order O(6?) and the order of the
metric fluctuation (which, at later sections, has been

3Higher order corrections to the metric coefficients are going to
be computed in an upcoming work.

denoted as ¢ ~ &%) would be the same. It follows that
the local entropy production §, = [ﬁ 60(\/%]”) + V.J1,
which is constructed solely out of metric fluctuation, is
also of order O(5%). Note that the Killing equation will
remain true up to order O(§) and therefore to compute the
leading-order [O(8%)] expression for the entropy produc-
tion, it makes sense to integrate S, between two constant
Killing time slices of the horizon; namely, initial equilib-
rium (at Killing time 7= —o0) to final equilibrium
(at Killing time ¢ = o0). Now we can relate the Killing
time to the affine parameter of the null generators where
t = —oo corresponds to v = 0, and ¢ = oo will correspond
to v = oo (see Ref. [8] for the details). So, the net entropy
production can be expressed as [8,10,1 1,13—17]4

0 1 .
AS= | dv | dxvVh [ 0,(VhJ?) + V,Ji
] /2 N

= SEquilibriumz - SEquilibriuml , (9)

where X, are the constant v slices of the horizon
and n =D - 2.

However, the total entropy in an equilibrium or for a
stationary black hole is unambiguously defined through
Wald entropy, which is independent of how we para-
metrize the null generators of the horizon; the same must
be true of their difference. Now under the reparametriza-
tion that we are discussing, the measure of the above
integration changes as

Vhdvd'% = ¢€0)v/hdzd"y.

If we want AS to be invariant under the reparame-
trization of the null generators, then the expression
[\/iﬁd@.(\/ﬁl ”) —l—V,J’}, once written in terms of quantities

defined in {7, y} coordinates, must have an overall factor
of ¢7¢,

Lo (V) + 9,74

iaﬁ(\/ﬁﬂ) - VaJ”] = et { 7

Vh
(10)

Here the lhs is expressed in {v, X} coordinates and rhs is in
{z,¥} coordinates.

Now we come to an algebraic reason why the expression
for net entropy production should transform exactly as
predicted in Eq. (10). We restrict this discussion to the
theories of pure gravity.

*We thank the referee for clarifying this point to us.
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The key equation that leads to the entropy current on the
horizon is the following:

1

\/Eav(\/fzﬂ') +V, 4, (11)

E17v|r=0 = ab

where E,, is the (vv) component of the equation of motion.
This is a component of a covariant tensor and therefore, we
know how it transforms under the above coordinate trans-
formation for every possible gravity action. On the horizon
(i.e., at p = 0 hypersurface) the transformation becomes
particularly simple,

Evv|r:0 = e_ngn"r:O' (12)

Now in {p, 7, y*} coordinates the metric has the same
form as in Eq. (1). Therefore, E,, can also be expressed as
in Eq. (11) for some J° and J¢,

1 S
0. (VR + V7.
Vi ( )

ETT|r:O = ar

Note that J° and J¢ are not components of covariant tensors
on bulk space and therefore they do not transform in any
well-defined way. Combining the above equation with
Egs. (12) and (11) we get the following prediction:

1
Vi
1

= e~0, {7% 0,(VhJ") + vaja]

=eXE,,

Evv‘r:O =0, |: ab<\/ﬁ‘]b) + vaJai|

=%, % 0.(Vii) + wa}

1 _ )
= (VAT £ V1
| o
=t |l— T al.
[ﬁaf(\/ﬁjwvtg} (13)

In the last line, both the lhs and rhs (up to the factor of %)
are related to the net entropy production in the two
coordinate systems discussed here. It follows that though
the entropy density and the entropy current might change in
a very nontrivial way with several terms dependent on
derivatives of {; in the final expression of entropy pro-
duction, they must cancel, leaving just an overall e~¢ factor.
Further, Eq. (13) also says that this nontrivial cancellation
must be true in all higher derivative theories of gravity. In

the next section, we verify this claim in the simplest case of
Gauss-Bonnet theory.5

IV. VERIFICATION
FOR GAUSS-BONNET THEORY

In this section, for the special case of Gauss-Bonnet
theory, we would like to explicitly verify whether the local
entropy production on the horizon transforms the way we
have predicted in the previous sections. We know

1
Em' r=0 — av _av \/EJU + vaja 5 14
e 7 ( ) (14)
where
J'=1+2a*R, (15)
J¢ = @?[-4V, K% + 4VIK]. (16)

On the horizon, the reparametrization we are considering is
the following:

v =1etV), (17)
= y“ (18)

Clearly the O(a’) piece (contribution from Einstein
gravity) in J” does not transform so now we have to
determine how the order O(a?) pieces of J’ and J¢
transform. Both of them will receive nontrivial shifts
generated by derivatives of the function ¢(¥), but
these shifts will be such that, in the expression of

[ﬁdv(\/ﬁﬂ’) + VQJ“], they will precisely cancel up to

a factor of overall ¢e¢. Now we describe how all the
relevant quantities individually transform under this
reparametrization.

°It might seem that the heuristic justification provided at the
very beginning of this subsection is not very different from the
algebraic one involving E,,. Indeed, if we follow the argument
presented in [8], we see that at linearized order, the net entropy
production has been first related to the integration of the {vv}
component of the matter stress tensor and then by the equation of
motion is related to the integration of E,,. So, the covariance of
the integrand in [Eq. (9)] is effectively the same as the covariance
of E,, at least in this order. However, the covariance of the
integrand has a scope for further generalization if we want to
extend this construction to higher orders in amplitude expansion.
Following [12], we could see that as we go in higher order, this
local entropy current can no longer be derived just from E,,, but
the other components of £, also contribute, and it becomes quite
complicated to figure out the net transformation property of this
combination of equations. However, if we expect the ultra-local
form of entropy production to be valid at higher orders, then there
must be an integration formula for AS, and the integrand must
transform in a covariant manner once the corrections to Killing
equations have been appropriately taken care of.

104032-5



BHATTACHARY YA, JETHWANI, PATRA, and ROY PHYS. REV. D 108, 104032 (2023)

The derivatives transform as Under the change of coordinates, the Ricci Scalar
transforms as
9, =e*Wag_, (19)
0y = 0, = (0,0)70,. (200  R=R+2(hh* —hh)

X [(=7){&pa + (fbgd + fdéb) =&l K o0

The Christoffel connection transforms as < - - -
+ Trad(éprc =+ chpb - ngbc)

1 ~
Fa.bc = 5 (dbhac —+ 0chab — dahbc), + ngbédaTKaC]' (25)
= l:‘a.bc - T(gbi{ac + éckab - fai(bc)ﬂ (21)
This implies that the order O(a?) piece of the entropy
where density transforms as
£, = 04 = 0l (22) ]
1 J? =2R = 2R +4(h4hbc — pac pbd)
K, = =0,hy,. 23 ~ < -
=30k B (Ot (EDat Ed) ) Ko
The Ricci scalar is given as +Tf5d(§bkpc +5ckpb _5pkbc) +7°8,840. K] (26)

R = (hadhbc - hachbd) (0alape = hpqrp.adrq,bc)' (24) We know that JT|O(az) = 2R, then
|

1 1 - ~ ~ .
—0,(VRI")| o) = €€ —=0, (VRI?) |y + 4e~(h99hPe — hhPd)[—(E, K o) = (E40y + E40) K oo
NG ( Now) h ( o) ( M= (EpaKae) = (£40a + Ea0b)
+ l:‘f;d(fhi(pc + fckpb - gpi(bc) - T{éhd + (ibgd + gdgh)}(afkaC) + Tf‘zd(ébafkpc
+ £.0.K )y — £,0.Kp0) + EpEyK oo + 318,810 K oo + EET2 2K ] + O(€7). (27)
|
The entropy current is given as The extrinsic curvature in the two coordinate systems are
related as
J¢ = —4(h*nb¢ — hedp)\V, K 4, 28 -
( ) b™cd ( ) K, = e_CKac- (30)
hence This implies
va‘]a = _4(hadhbc - hachbd)vbvdKaC' (29) vdl{ac = e_g[edkac - é:d(kac + Ta‘rkac)} (31)

vbvdKac = e_é[ﬁbﬁdkac - (ébdkac> - (5},5(1 =+ édgb)kac + fgd(ébkpc + éckpb - gpkbc)
- T{fhd + (gh,\a'd + édgh)}(a‘ri(ac) + ngd(fharkpc + gca‘ri(ph - §pari(hc)
+ ghfdi(ac + 3T§h§da‘rkac + gbgdrza%i(uc] + 0(62)' (32)

Hence, the divergence of entropy current transforms as

va‘]a = e_cﬁaja - 4e—§(hadhbc - hachbd)[_(éhdi(ac) - (5/75[1 + fdgb)kac + fgd(éhkpc + §ckpb - fpi(bc)
- T{gbd + (gbbvd + gdgb)}(arkac) + ngd(fba‘ri{pc + é:cari{pb - gpa‘ri{bc) + gbfdkac + 3T§b§dari<ac
+ & Ear 0K o] + O(€7). (33)

104032-6
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From Egs. (27) and (33), we find that terms linear in K ,,
[i.e., O(e) terms] cancel exactly leaving an overall factor of
e~¢ in the zeroth-order term. Hence, we have

1

Vh

1
Vh
+ O(€?). (34)

0,(VhI?) + V J = e~ |—0,(VhJ?) + V., J¢

V. CONCLUSION

In this paper, we have verified that the general expect-
ation that net entropy production in a dynamical gravity
should not depend on how we choose coordinates along
the horizon. First, in Sec. III, we have outlined a general
proof of why the entropy production should transform in
the way we physically expect [see Eq. (13) and the
discussion around]. Then in the next section, we verified
the claim for the particular case of Gauss-Bonnet theory
by explicit computation. This provides a consistency
check on the construction of the entropy current in
Einstein-Gauss-Bonnet theory.

It might seem that apart from the consistency check
mentioned above, our computation is not of much use since
we already have a general proof that this symmetry must
work. However, as we mentioned in the Introduction, our
final goal is to have some construction of entropy current
and entropy density that works without any perturbation. In
this context, it would be interesting to analyze this sym-
metry in a more systematic manner so that we could use it to
constrain the structure of the entropy density and the
entropy current in a theory-independent manner. Note that
the existence of entropy density and the spatial entropy
current has been predicted using the special case of the
transformation considered here; namely, boost symmetry
generated by a constant ¢ [9,11]. It is natural to expect more
constraints in the whole structure if we use a larger
symmetry where ¢ is a function of all spatial coordinates.
Our paper is a small step towards this goal which gives us
more experience in dealing with the symmetries of null
surfaces and corresponding transformation of the relevant
physical quantities.

One very natural extension of this work might be to
perform similar calculations for other four-derivative the-
ories where the cancellations can be slightly nontrivial due
to the presence of off-the-horizon terms in the entropy
current and entropy density.

Another interesting future direction to take would be to
explore the existence of any possible relations between this
reparametrization symmetry and the BMS or Carrollian
symmetries. Recently in [18-21], the authors showed the
presence of extended BMS-like symmetries on the black
hole horizon called Carrollian symmetries. Any possible
connections of this symmetry with supertranslations or
superrotations of the others can be useful in our under-
standing of the rich symmetric structure of the horizon.
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APPENDIX A: NOTATIONS, CONVENTIONS,
AND DEFINITIONS

In this appendix, we summarize our notation conventions
and list the definitions of the various structures that we used
throughout our work.

(1) Indices: Uppercase Latin alphabets A, B, C... will
refer to full D space-time coordinates and lowercase
Latin alphabets a, b, c... will refer to the (D — 2)-
dimensional spatial coordinates.

(ii) Choice of coordinates:

X4 = {r,v,x}, YA = {p,7,y%}:
The full space-time
coordinates in D dimensions,

r,p = The radial coordinates,

v,7 = The Eddington-Finkelstein type
time coordinates,

x4,y = The (D — 2) spatial coordinates.
(iii) Choice of space-time metrics:

ds* = 2dvdr — r*X(r, v, x*)dv?
+ 2rw, (r, v, x")dvdx® + hy,(r, v, x*)dx*dx"
= Gap(r, v, x)dX*dX®
= 2dzdp — p*X(p. 7, y*)d7* + 2p@,(p. 7. y")
X dtdy* + hyy(p. T, y*)dy*dy”
= gag(p, 7, y*)dY*ay”.

(iv) Structures like spatial derivatives, curvature
tensors, and metric components in the Y4
coordinate system will be represented with a ~ on
their corresponding counterparts in the X“ coor-

: _ 0
dinates. For example, X,a),»,hij,(au_ﬁ) -
i N )

X, @;, hijv (aa = 07)-

(v) Transformation of coordinates and derivatives on the

horizon:
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r=e*p+ (9(p2), Riemann tensor, Ricci tensor, Ricci scalar corre-
p=ér+0(2), sponding to intrinsic metric & or h.
v=e7+0(p), APPENDIX B: DETAILED EXPRESSIONS
r=e*v+0(r), In this appendix, we show the explicit calculations for
X =ya + O(p), the relation between quantities such as Christoffel con-
. . nection, Ricci scalar, and the divergence of entropy current
yt=x"+0(r), between X4 and Y4 coordinate systems:
c 1,, ~ (i) Expression for Christoffel connection in trans-
J, =e(0,+ 7t £0, + 5%, | + O(p). formed coordinates,
9, =e0, + O(p), 1

Fa,hc = E (ahhac + achah - aahbc)

aa = 541 - Té:aar + O(p)’

~ 1
= Fa,bc - Era‘r(ébhac + 5chab - é:ahbc)

where we denoted aaz: B EaC by éa‘ - Iia be ™ T(fbi{ac + gckab - gai{bc); (Bl)

(vi) Definition of curvature tensors:

(i) Expressions for Riemann tensor and Ricci scalar,

Kip =300 K=Ky =0,k Raea = =10 e = 0 aa + 9T 0Ty

Koy = 2oy K=iKy =00 Lo o
2 T “ VR (iii) Ricci Scalar in transformed coordinates,
Rapcp, Rap. R = R = hehbdR ,

= —h* P9, . + W90, T e

+ hachbdrp,adrq,bchpq - hudhbcrpﬂdrq-bchpq
= (h*hPe — h*hP4) (0, pe — WPIT, 4al g i)
Rabea> Raps R = >

Riemann tensor, Ricci tensor, Ricci scalar corre-
sponding to full metric G or g,

9al'y e = adra.bc = 7640.1y pe
= 04[Cape = 7(EpKae + EcKap = EaKpe)] = 1640: [T pe = 7(Ep K ae + EcKap = EaKipe)]
= [04F 0 pe = T(EpaK e + EoaKat, = EaaKpe) = 7(Ep0uK oo + T07K oy — £404K b))
+ [~2(E40p K oo + Ti0K oy, = £40K o) + 7(Eubp K e + TatoK oy — EabaKope)
+ 72 (E4Ep0:K o + TiEB Ky — £4Ea0:K e ). (B4)

The terms canceled in (B4) due to the fact that terms symmetric in (c, d) will not contribute to the Ricci scalar as it
has a prefactor of (h%h>¢ — hh"?) which is antisymmetric in (c, d). Hence,

0Ly pe = Edfa.bc = 7[(&pa + fbgd + 5[151; — &) Ko — (Eaa + gagd + 5d5a — &L K]
+ 72 [gdé:bafi{ac - é:dgaafi(hc]' (BS)

From Eq. (B3) and (B1),

hpqrp.adrq,bc = hqup,adfq,bc - Thpql:p,ad(ébf{qc + é:ci(qb - éqkbc)
- Thquq,bc (gakpd =+ édi(pa - ‘fpi(ad) + O(€2>' (B6)
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Thus, from (B3), (B5), and (B6) The expression for entropy current for Gauss-
Bonnet theory is given as
> ad j,bc ac 1,bd

R=R + (h hP¢ — h%h )[—ZT{éhd J¢ = _4(vaba _ Vachhcd). (Bg)

+ (8404 + $a0) — Eap } K e
+ 272(§d§bari<ac) + 2Thqup,ad(§bch

= = V, J* = —4(h*pbe — et )V VK

&Ky = £,Kp)] + O(). (87) 1" =~ VaVokea

= —4(h“dhbc — he )V, V K .. (B9)

This implies, that the divergence of entropy current is

(iv) The divergence of entropy current in transformed
coordinates. Let us define a three index object M, such that

Md,ac = vdKac = vd(e_gi{ac) = ad(e_gkac) - Fga(e_gkpc) - rgc(e_ci(ap)

= {ad - deaT}(e_é‘kac) - fZa(e_gka') - fZ‘(e_Ci(ap) + 0(62)
= e_é[édkac - é:dkac - édfarkac - 1:‘Zal?pc - fgckap] + 0(62)
= e_C(ﬁdi(ac - édi(ac - fdfafi(ac) + 0(62)
= ¢ (Myge = (6M)g,) + O(€), (B10)
where
(5M)d,ac = éd(i{ac + Ta‘ri{m‘)' (Bl 1)

Also, we define

Wabcd = vbMd,uc

= abMd.uc - Ffde,ac - FiaMd,pc - Fich.ap

= 0p{e™ (Maae = (6M) 4,.) } = Epe™ 70 (My e = (6M) 1,.)
—e* [flljd (Mp,ac - (SM)p,ac> + fia (Md.PC - (5M)d,pc) + f‘gc (Md,ap - (5M> d,ap):| + 0(62)

= e_C -6bMd.ac - éb (1 + Tar) (Md,ac - 5Md,ac) - vbélwd,ac]

= e—g“ vbvdi(ac - ébMd,ac - vb(slr/[d,ac - ngaTMd,ac + éb (1 + 10,) 5Md~aci|

= e_c vbﬁdi‘(ac_ghﬁdiguc - vh (gdi(ac) - 6h (dean(uL.) - §h701vdf(ac + gb (1 + Tar) (édf(ac + édrari(ac)

term 1 term?2 term 3

+0(e2). (B12)

|
From (B9), we see that for calculation of the divergence

Now, of entropy current, the terms in (B12) have to be
contracted with (h%h*¢ — h*h?), which is antisymmetric
term 1 = =&, VKo — V,(£,K 40 in (c,d) or (a,b). Now, in (B13), the terms &,I") K,

~ o ~ = = and &,I7 K. are symmetric in (c,d) and (a, b), respec-
= —£,04K go + &I K pe + &,T0 K . ba " pe o

& (zd o +& ~"“ e S f"‘ o tively. Hence these can be dropped. In addition, we
—fdabKac—l—(deZaKpc—I—édFZ’CKap can perform some relabeling of indices and rewrite

= = = term 1 as
- gbdKac + 1—‘Ibgdgpl(ac' (B13)
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term | = —&,0,K .. + &, K .
— £40pK o + £, K,
— &paKae — fgdgpi{bc
= — (804 + £40p) K e — EpaK o

+ 2Ky + 6K pe — E,Kp).  (B14)

In a similar fashion, we can express term 2 as

Combining results from (B12), (B14), (B15), and (B16)

term2 = —£,70,V ;K ;. — V,(£,20.K )
= —1[&,V4(0.K ) + Vi (£10.K )] + O(€?)
= —7((£y04 + £40)0.K o + €40, K 10
— 10 (£.0.K pp + £,0.K . — £,0.K,0)] + O(€2).

Wabcd = e_g[vbvdkac - (gbdkac) - (ébéd + gdab)i(ac + de(gbkpc + éci{pb - gpi(bc)

+ ébédi(ac + 3T§b§dari{ac + é:bé:dTZa%f(uc] + 0(62).

Hence, the divergence of entropy current becomes

va']a = e_gva]a - 4e—C(hadhbc - hachbd)[_(fbdi{ac) - (gbad + gdab)i{ac + fsd(gbkpc + é:ci{pb - gpi{bc‘)
- T{f};d + (fbad + gdab)}(afi{ac) + ngd(fbafkpc + écarkpb - gparkbc)

(BIS)
Now, evaluating term 3
|
term 3 = éh(l + Tar)(édi(ac + fdrari(uc)

= ébéd(i{ac + 3Tari(ac + Tza%i(ac)- (B16)

- T{{Ebd + (gbad + gdéb)}(afkac) + TI:Zd(gbaTi(pc + écafi(pb - 5pari<bc)
(B17)
(B18)

+ gbfdf{ac + 3T§b§darf<ac + gbgdfza%i{ac] + 0(62)'

APPENDIX C: ACTION OF DERIVATIVES ON
SOME SPECIFIC STRUCTURES

In this appendix we will see how the derivatives of
certain boost weight 1 structures transform under the
coordinate transformations. We will see how these terms
can be condensed into some particular forms that can help
us manipulate them in simpler ways.

Any boost weight 1 term can be written in the form of 9,
(some boost weight 0 structure, say Q4. q,)-
Transforming the d, operator under the coordinate trans-
formations as in (19), we can write it as e‘C(eralazman).

ai(e_g(arQalaz.‘.a”)) =

Also, since 7 is analogous to the » coordinate itself,
(0:04,4,...a,) itself is a boost weight 1 structure in the
{p,7, ¥} coordinate system. Now if we act with a V; on
this structure, we get

vi(analaz...a,,) = vi(e_é‘(atQa]az..ian))
= ai(e_g(arQalaz...a,,)) - e_gr?alarQbazu.a,,
~ e T, 000 0

— e‘gai(analaz...a)

= e_g[ai(arQalaz...a,,)

F?am (aﬂ:Qal az..b“an) = [I:‘?am - T(é:f( .. )] (arQu]az..h.Aan)

- e_cr?anarQalaz...b (Cl)
|
(ai - girar)(e_g(analaQ.“a,,))
= _fi(e_c(a‘:Qa]az...an)) - fir(e_gaf(analaz...a,,))
- 61(1 + Ta‘r)(a‘rQalaz...a,,)]
ia,, (arQalaz..b..a,,> =+ 0(62)
(C2)

= vi(analazi..a,,) = e_é‘[vi - "Sz(l + Tar)}arQa]az.“an + O(€2>'

This form becomes especially useful while calculating J/ and V,J'.
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One more structure that can appear in the calculations of the 9,J” is of the form 0,(zQ) from the extra terms that are
generated due to the coordinate transformation. This derivative can be arranged in the following form which makes it easier

to manipulate:

9,[rQ] = e70,[rQ] = e™*(1 + 79,) Q. (C3)
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