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Thermodynamic structure of a generic null surface
and the zeroth law in scalar-tensor theory
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We show that the equation of motion of scalar-tensor theory acquires thermodynamic identity when

projected on a generic null surface. The relevant projection is given by E,,I?k?, where E,, = 8T,

(m)

represents the equation of motion for a gravitational field in the presence of external matter, /¢ is the
generator of the null surface, and k“ is the corresponding auxiliary null vector. Our analysis is done
completely in a covariant way. Therefore all the thermodynamic quantities are in covariant form and hence
can be used for any specific form of metric adapted to a null surface. We show this both in Einstein and
Jordan frames and find that these two frames provide equivalent thermodynamic quantities. This is
consistent with the previous findings for a Killing horizon. Also, a concrete proof of the zeroth law in
scalar-tensor theory is provided when the null surface is defined by a Killing vector.
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I. INTRODUCTION

The present understanding of gravitation is premised
upon the seminal work of Einstein, who formulated the
theory of general relativity (GR) in 1916 which is still
hailed as supreme when it comes to describe gravity. Not
only is the theory mathematically consistent, but also it has
passed all the observational tests, at least within the solar
length scale or in the weak gravity range [1,2]. In spite of all
these successes, there are several reasons which imply that
the actual behavior of gravity might deviate significantly
from Einstein’s GR in the strong gravity region, where GR
is not experimentally well tested. However, in pursuit of
developing a more accurate theory of gravity, one has to
remember that Einstein’s theory of gravity cannot be ruled
out completely because of its sheer success against the
observational tests and also due to its infallible predictions,
such as the presence of black holes, gravitational waves
etc., the existence of which were proved later. Therefore, a
more accurate version of the theory of gravitation is more
likely to be a modified version of Einstein’s GR instead of
being a radically new theory [3,4].

The scalar-tensor (ST) theory is one of the most popular
among the modified theories of gravity for various reasons
[5-10]. Unlike Einstein’s gravity, the dynamical variable in
this theory is not only the second rank symmetric tensor
(i.e. the metric tensor), but also the scalar degrees of
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freedom are accounted for in this theory in the form of
“nonminimal coupling” between the scalar field and the
curvature. This theory is described in two different frames
which raises several issues in the literature, particularly on
the equivalence of the physical results described in these
two frames [11-36]. The original frame, where the non-
minimal coupling is present, is known as the Jordan frame.
With the help of a conformal transformation, the non-
minimal coupling can be removed and the theory can be
expressed equivalently in the Einstein frame. In that case,
the curvature and scalar field are separated out and the
scalar field behaves like an external source. Now the issues
of the two frames are the following: the apparent math-
ematical equivalence between the two frames via the
conformal transformation raises the question on whether
the two frames are physically equivalent [13-17,19,26—
29,33-36] or one of the two frames is more physical than
the other one [11,12]. The behavior of energy and other
conserved charges under conformal tranformations for ST
as well as higher curvature theories of gravity have been
studied in [22]. Here, the authors show that such charges
are invariant under conformal transformations provided the
conformal factor goes over to unity at infinity. However, a
proper thermodynamic description was not developed until
the recent works from the present group [33-36]. In these
works [33-36], we have shown that the thermodynamic
first law can be obtained in the two different frames using
the existing well-defined formalisms of general relativity.
In addition, our earlier works show that the thermodynamic
parameters are exactly equivalent in two different frames.
This provides considerable improvement of the previous
work [19], in which the equivalence of the thermodynamic
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parameters are subject to a few assumptions such as the
asymptotic flatness of the spacetime.

The works stated above [33-36] (describing thermo-
dynamics laws in the two frames of the scalar-tensor
theory) are done in the context of the black hole horizon.
In Einstein’s GR, it has been known for a long time that the
thermodynamic structure of general relativity is present in
any arbitrary null surface [37-43] and is not restricted to the
black hole horizon. In fact, the thermodynamics of a null
surface is very significant in the context of a “emergent
gravity” paradigm, which was first predicted by Sakharov
[44] and later the idea was resurrected by Jacobson by
establishing the fact that Einstein’s equation can be
obtained as an equation of state from the Clausius relation
on a local Rindler horizon [45]. On the other hand,
Padmanabhan and his group established the fact that the
governing dynamical equations in GR (such as Einstein’s
equation) has a thermodynamic structure on the horizon
(see the review [37]). In particular, we are driven by the fact
that Einstein’s equation, when suitably projected on a null
surface, takes the form of a thermodynamic identity [39]
(interestingly, this has been successfully extended to any
order Lanczos-Lovelock gravity as well [40]). Therefore,
within ST theory, one needs to check the possibility for
developing the first law of thermodynamics for an arbitrary
null surface. This will provide the generality and robustness
of the earlier claim on obtaining the thermodynamic
structure in this theory. In the process of obtaining the
first law for a generic null surface in ST theory, we need to
identify certain terms as the temperature to draw the
analogy between the gravitational thermodynamics and
the conventional thermodynamics. To claim the analogical
expression of temperature as the physical thermodynamic
quantity, we need to investigate whether the expression is
consistent with other thermodynamic laws, such as the
zeroth law. Now, the idea of temperature becomes mean-
ingful only in the equilibrium thermodynamic system; in
gravity this is analogous to the Killing horizon." Insofar as
we know, the zeroth law has not been explored rigorously
in ST theory. Therefore, we need to check whether the
identified temperature satisfies the zeroth law for the
Killing horizon, which is a special category of null surface
and represents the equilibrium thermodynamic system. In
summary, the motivation of the present work is straightfor-
ward, i.e. obtaining the first law for a generic null surface
and proving the zeroth law for the Killing horizon.? Thus,
the present work is motivated to fill the gaps in the literature
and to establish the thermodynamics of the scalar-tensor
gravity in a more concrete manner.

"It is the horizon which behaves like a thermodynamic object
in black hole thermodynamics and the Killing horizon corre-
sponds to a stationary black hole horizon [46].

Note that the area increase theorem (i.e. the second law of
black hole thermodynamics) has already been proved in ST
theory [34].

To obtain the thermodynamic laws, we adopt the
following method. A null surface is described by a null
vector [, which is the generator of the surface along with
an auxiliary null vector k* (a brief discussion about the null
surface has been provided later in the paper). It has been
found that the quantity R,,[* provides several dynamical
equations when it is contracted with the normals (i.e. I” and
k) or with projection tensor g°. The contraction R,,I¢I”
provides the well-known null Raychaudhuri equation
(NRE) [47-49]. The NRE has been used in various gravity
theories as crucial input to derive the relevant gravitational
field equations emerging from a constitutive relation
applied to a local causal horizon [45,50-52]. Also, the
contraction R,,lg% provides the Damour-Navier-Stokes
equation [48,53-55] (both contractions R,,“I” and
R,,1g% have been studied extensively in the context of
ST theory in our earlier work [35]). It was recently found
that the contraction R,,I°k” provides the thermodynamic
identity for a generic null surface. Initially it was found that
when the expression of R,,[?k" is expressed in a adapted
set of coordinates describing a null hypersurface (namely
the Gaussian null coordinate (GNC) [56,57]), it manifests
in the form of the first law of thermodynamics [39,40].
Later, it was proved that R,,[%k” can be expressed as a
thermodynamic identity in a covariant way [43] i.e. the
choice of any particular coordinate system is not required.
The covariant quantities evaluated in GNC reproduces
earlier results [39]. We adopt this method [43] in the
context of scalar-tensor gravity and show that the same
method works well to obtain the thermodynamic first law in
the two frames. In addition, we also prove that the
thermodynamic parameters in the two frames are equiv-
alent, as it was suggested earlier for the stationary black
hole horizon (i.e. the Killing horizon) [34]. However, as we
discuss later, obtaining a thermodynamic law in the Jordan
frame is quite nontrivial as compared to the Einstein frame,
where the latter case is very much similar to that of
Einstein’s gravity. Thereafter, we prove the zeroth law
for the Killing horizon. To our knowledge, the zeroth law
has not been studied extensively for the scalar-tensor theory
of gravity. However, there exist some comments in the
literature stating that for any sensible definition of zeroth
law in ST gravity, the scalar field is required to be constant
on the horizon [14]. In our analysis, we show that
imposition of such a strong restriction is not required.
Instead, what it only requires is that the scalar field needs to
be Lie-transported along the direction of the Killing vector
i.e. the scalar field is required to be independent of only one
coordinate, which is along the direction of the generator of
the horizon surface.

Let us give an overview of the paper. In Sec. II we begin
with a very brief review of the action and field dynamics in
the Einstein and Jordan frames. Next we proceed in Sec. I1I
to our essential study of the covariant formulation of the
thermodynamic identity established on a generic null
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hypersurface in the two frames. This we begin in Sec. III A
by very briefly describing the geometry of the null surface
in the two frames. Thereafter we proceed in Sec. III B
toward our construction of the thermodynamic identity in
both frames. This allows us then to attribute the equivalence
of thermodynamic variables in the two frames. Finally, in
order to provide a concrete interpretation of the notion of
temperature in the two frames, we establish the proof of the
zeroth law in Sec. I'V. This proof has been performed in two
different ways as applied to Killing horizons in the two
frames. In the end, we added five appendixes to present
details of our calculations.

Before proceeding, we list a word on notations and
dimensions. We are working in a spacetime of dimension
d = 4 and have used the metric signature (—, +, +, +). We
use a geometrized unit system where c, #, and G are set to
be unity. The lowercase Latin indices a, b, ... represent the
bulk spacetime indices and run from O to 3. The coordinate
indices on our null surface are designated by the Greek
symbols y, v, ... and run from 1 to 3. The uppercase Latin
alphabet characters A, B, ... are reserved for the transverse/
angular coordinates of the two-dimensional spacelike sub-
space of our null hypersurface and run from 2 to 3.

II. ACTIONS AND EQUATIONS OF MOTION IN
THE TWO FRAMES: A BRIEF REVIEW

Among the modified theories of gravity, the ST theory is
a much viable and discussed one. In the original Jordan
frame, the scalar field ¢ is nonminimally coupled to the
Ricci scalar R. The total action for the ST theory in the
Jordan frame (M, g, ¢) is given by

A0 = [[atxymaig (0r =" 0,090

- V(¢)) + Alm) (2.1)

where w(¢) is known as the Brans-Dicke parameter, which
is kept as a variable of the scalar-field ¢. When w(¢) is
considered as the constant parameter, the scalar-tensor
theory boils down to the Brans-Dicke theory. Also, V(¢)
corresponds to the arbitrary scalar-field potential and
Al = Iy d4x\/—_g£(’") is the ordinary matter action
(ordinary in the sense that the matter fields are not coupled
to the scalar field ¢). The resulting field equation of g*®
corresponding to the action (2.1) with a suitable Gibbons-
Hawking-York (GHY) surface term is [33,34]

1
E, = Ton PGy + 5 2% gabv 'OV — & Va¢vb¢
V 1 (111)
+Eguh V.V + 9 ViV'P| = 5 T, (2.2)

where 7" b = (=2/+/=9)0(/=gL"™) /g™ represents the

matter energy momentum tensor corresponding to A"
In the Einstein frame we can remove the nonminimal

coupling by the following set of conformal transformations

on the metric and rescaling of the scalar field respectively,

Yab = ngabﬂ (23)
5 20(¢) +3d¢

where Q> = ¢ along with the condition that ¢p > 0. The
related field equation in the Einstein frame turns out to be
[33,34]

E.p = ?6“; % PV + %éaﬁ"ﬁ ¢+ gabU(J))

= %TYZ), (2.5)
where  U(@) =V(¢)/(16z¢*)  and T} =
—ﬁ%@ = %T(a? represents the matter energy-

momentum tensor corresponding to matter action in
the FEinstein frame. The gravitational field equation in
the Einstein frame (2.5) can be expressed in the similar
form of Einstein’s equation as G, = SH(T,(;’Z) +T£’Z>)
where
(3 S |
D — VgV -

gabv ¢V ¢ gab U(&b) (26)

l\)

Throughout this paper we will follow the notation as
presented in this section, where the tilded variables are
reserved for the Einstein frame and the untilded ones are for
the Jordan frame.

III. COVARIANT THERMODYNAMIC
DESCRIPTION ON A GENERIC NULL SURFACE:
EQUIVALENCE BETWEEN JORDAN AND
EINSTEIN FRAMES

A. Spacetime foliation of a null hypersurface

Since the analysis will be done on a generic null surface,
it is necessary to introduce the geometry of this surface
here. A brief description will be given; details can be
followed from [48]. We consider the (1 + 3)-dimensional
spacetime manifold (M, g,;,). Therein lies a generic null
hypersurface, which is a three-dimensional submanifold,
denoted by H and described by the metric y,4, which is
adapted to the null surface (here, the Greek indices denote
the coordinates adapted to the null hypersurface). Since the
metric of the null surface is degenerate, there exists vectors
v® such that y 30" = 0 where v” is defined on the tangent
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plane of the null surface. We denote the normal to the
surface with /%, which satisfies the geodesic condition
14V, I’ = kI’ [48] and are the generators of the null surface.
Here x denotes the nonaffinity parameter of the null
geodesics. For a black hole horizon (which is also a null
surface), « is identified as the surface gravity of the black
hole horizon and is proportional to the Hawking temper-
ature. Since the null surface H is self-orthogonal, we
have [“l, =0 and one requires another auxiliary null
vector k* to describe the geometry of the null surface.
Furthermore, it is considered that the two null vectors are
cross normalized i.e. [k, = [ ,k* = —1. The intersection of
the null surface with a #(x“) = constant spacelike hyper-
surface is designated S,.

The induced metric onto this transverse spacelike two-
dimensional cross-section §, in terms of the null vectors is
given by

Gab = Gab + lakp + Ipk,. (3.1)

With these prerequisites, we now move on to discuss the
procedure to obtain the thermodynamic law for a general
null hypersurface in the two frames of the scalar-tensor
theory.

B. Thermodynamic first law of a generic null surface
in scalar-tensor gravity

As mentioned in the Introduction, considering the Ricci
tensor R,,,, various components of the vector R, [® provide
important dynamical equations in general relativity. The
component we are interested in, i.e. R,,[“k?, on the null
surface for Einstein [39,58,59] and Lanczos-Lovelock
gravity [60-62] theories yields a thermodynamic identity
which is analogically similar to the first law of conventional
thermodynamics. The original discussion was based on a
particular form of metric in the vicinity of a null surface
written in GNC. Recently, for this component, a covariant
thermodynamic description has been provided in [43].

This covariant description properly reproduces the
previous coordinate dependent results in the case of
Einstein’s gravity. In the present section, we want to check
whether this new formulation works well in ST gravity i.e.
whether we can obtain similar thermodynamic identity in
both frames from the recent approach, as prescribed in [43].
In this analysis the starting point was a geometric identity

—K‘g(k) = —DaQa - QaQa + 9(1)6(k> + lile(k)

1 1
— (R — R,,1°k" — =R,
*3 ab 2

(3.2)
where D, is the covariant derivative operator defined on the
manifold (S,,q,,) and ®)R denotes the Ricci scalar
associated with the operator D,. The above equation
can be obtained by taking the trace of the transversal
deformation rate equation [48] (the above Eq. (3.2) is

also obtained in [43]). This identity does not take into
account any information of the dynamics of the gravita-
tional field and hence one can use it in any theory of
gravity. Below, in this identity the explicit form of field
equations for g,, in ST theory will be used in order to
investigate our goal.

1. Einstein frame

We start our analysis in the FEinstein frame as the
situation is simpler in this frame. The nonminimal coupling
no longer exists in this frame and, the scalar field appears
like the external field. In the Einstein frame (M, §,., ¢), we
assume the existence of a generic null hypersurface . Let
us briefly describe the nature of such a null surface (for
details see [48]) in the Einstein frame which is designated
by the constant value of the scalar field ®(x). The null
normal I, to F is given by 1, = ¢’V,®, with p being a
scalar function on 7{. The integrable null surface 7{ is
generated by null generators I satisfying the geodesic
equation 14V, 1* = %1”. The integrability of the null surface
is defined by the Frobenius’s theorem, which in its dual
formulation [63] reads

valh - Vbla = (Vap)lb - (vbﬁ)la (33)
The nonaffinity parameter of the null generators assumes
the value K = lz‘@uﬁ. The transverse two-dimensional
spacelike submanifold of this null hypersurface is desig-
nated by S,. In this frame, since every quantity is repre-
sented by a tilded variable, we express the identity (3.2) in
the following form:

From the above equation (3.4), one can obtain the thermo-
dynamic first law considering the virtual displacement
along the auxiliary null vector. The idea is the following.
We consider the auxiliary null vector field as being para-
metrized by 4, which means k' = —dxi/ dA,. Here, we
put a negative sign in the definition of k because, in the
following, we obtain the change of thermodynamic param-
eters due to a small virtual displacement along k. Since k
corresponds to the ingoing null vector (which implies x'
decreases with the increase of 1)), we need to put an
additional negative sign so that the change of the thermo-
dynamic parameters remain positive due to the virtual
displacement along k. Furthermore, we consider that a
set of two null surfaces are located at A =0 and at

ARy = OA(z)- A virtual displacement 64, implies a shift
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from one solution of null hypersurface to the other. Then
the coordinate variation under the mentioned virtual dis-

placement is given as éx' = —l~ci52<,~<). Next, we multiply
|

/dzxféﬂ 25}1 /de\/—(Sﬂ
Sz

/ d*x/q0A

In the above we have used the gravitational field equation
of the Einstein frame (2.5). The above equation (3.5) can be
given the interpretation analogous to the first law of
thermodynamics as applied to the null surface via

[ d*xT8,4)5 = 8, E + Féd, (3.6)
S

where the thermodynamic parameters are identified as the
following. We identify the temperature as T = &/2x, the
entropy density s is identified as s = /g /4 and, the change
of entropy density (s) due to the virtual displacement is
denoted by 6,35, which is given as

ds 1d\/q
8§ =—0Ap = 5@
2CN digy N 4dig

\/.9 8 g

(3.7)

While obtaining the last step in the above relation (3.7),
we have used (see [48,49])

~ 1 dv/q
Op = - —~ﬁ. (3.8)
The total entropy in the Finstein frame is given as
- 1
5= / d*x5 == / Vadx, (3.9)
5 4Js,

which is consistent with the area law of the entropy. The
variation of energy E due to the virtual displacement
[in (3.6)] is given as

(3.10)

An indefinite integration over 43, provides the expression

of energy associated with the two-surface §,, which is
given as

both sides of Eq. (3.4) with 5/1(,;)

factor 1/8x) and integrate it over the two-surface S,, which
yields

(along with an overall

FiN7 7 D-0- —_0O00%_D OA
|: l \ 9( %) + e(l)a(k) QaQ DAQ :|
T ¢ TRt (3.5)
[
o1 e Sran | Lop o 195
+ é(i)é(%) - QaQa - DAQA:| (311)

The above expression of energy is very much similar to the
Hawking-Hayward quasilocal energy [64,65]. The above
expression has been identified as the energy term inspired
by the fact that it reduces to expressions of that for well-
known spacetimes. For example, it has been shown in [43]
that specifically for Einstein gravity the covariant expres-
sion of the energy term matches with the expression of the
energy expressed in the GNC system [39]. For example,
the covariant energy term for the Schwarzschild metric
(in Einstein gravity) reduces to the mass. Finally, we

identify the pressure (P) as P = (T( ) + T )l“kb in a
similar way as it has been identified in [39, 62 ,66]. Total
work due to the virtual displacement 643, is given as

= Foig = / d*x\/30A
/dzx\/_ézl

TUNERe.  (3.12)

Here F is the integral of the pressure over the two-surface
S; and hence can be given the interpretation of the
generalized force conjugate to the virtual displacement
64y~ Let us briefly describe the notion of the virtual
displacement in the Einstein frame (for details refer to
[39]). In the next subsection, related to the Jordan frame,
the same interpretation will follow as well. The virtual
displacement is considered to be a “physical process” that
virtually shifts the position of the null surface 7{ in the
Einstein frame from A4 = 0 to say 43 = 64 ). The null
hypersurface is obviously considered to be a solution of the
field equations in (M, g&;) As a result of this virtual
displacement process, an amount of energy 5/1(,;)22 flows
across the null hypersurface. Part of this energy contributes
in the entropy generation term | 5, d’ xT5 25 and the other

contributes to the virtual work done F' 51( E Let us note

124038-5



DEY, BHATTACHARYA, and MAJHI

PHYS. REV. D 104, 124038 (2021)

before proceeding next, that all the relevant quantities
(geometrical, physical, and thermodynamical) in the Jordan
frame will be denoted without the use of any tilde as
opposed to the Einstein frame.

2. Jordan frame

We now proceed to obtain the thermodynamic law in the
Jordan frame taking hints from the analysis in the Einstein
frame. Therefore the R,,;,[*k" relation in the Jordan frame is
given by (3.2). We see that the evolution equations for
R,,1°k" and R,,1°k" are form invariant under conformal
transformations, viz. Egs. (3.4) and (3.2). This is to be
anticipated since they are evolution equations valid as
geometrical identities on any arbitrary null hypersurface.
Conformal transformations after all do not alter the causal
structure of null hypersurfaces. In fact, it can also be proven
that the geodesic equation for the null generators as well as
the NRE remains form invariant under conformal trans-
formations for a generic null hypersurface in the Einstein
and Jordan frames. Simply multiplying Eq. (3.2) by
OAxy/8x and integrating over the two-surface S, does
not lead to the correct expression of thermodynamic law
and identification of thermodynamic quantities. The reason
is the following. It has been found in earlier works [33-35]
for a Killing horizon that the thermodynamic quantities are
equivalent in the two frames. Therefore we expect our
present thermodynamic quantities, defined on a generic
null surface, must be equivalent in the two frames at least
when the null normal becomes the symmetry generator
of a Killing horizon. Let us now check whether this is the
case. If we multiply Eq. (3.2) by 64 /87 and integrate over
the two-surface, the term on the left-hand side then yields
— gz Js, d*x\/q6A 0 ) which by the earlier argument can
be expressed as

1 K \/6
—g/sl dzxﬁéﬂ(k)Kﬁ(k) = 5 CI{ZXEél (T) (313)

Now if the null surface is a Killing horizon, then « is
constant on S, (we will explicitly prove this later in
Sec. 1V). In this case the above is expressed as
(k/27)6;(A/4), from which one can identify temperature
and entropy as k/2z and A/4 respectively. But this is in
conflict with the earlier result [33,34] since this is
not equivalent to its counterpart in the FEinstein frame.
For the Killing horizon we know that 7 =7 and
S=A/4=S=¢pA/4. But this is not what we are
obtaining from the above. Hence the above simple exten-
sion of the approach will not be consistent to known cases.

The remedy can be found from the earlier work [35].
From the analysis of fluid-gravity correspondence in scalar-
tensor gravity [35], it is known that the parameters of the

Einstein frame (such as &, Q¢ é(7) etc.) are used in the
Jordan frame as well to obtain the equivalent framework,
where the physical parameters of the FEinstein frame
becomes equivalent to the same in the Jordan frame.
Here we adopt the same method. Therefore, we plan to
obtain the R,,/°k"” in terms of the parameters of the
Einstein frame (such as &, Q“, 9(7), é(,;) etc.) and in terms
of the covariant derivative operator and the null vectors of
the Jordan frame (i.e. V,, 19, k% etc.). The desired relation
can be obtained either from (3.4) or from (3.2) as (3.4) and
(3.2) are equivalent under the conformal transformation
(see Appendix A). For simplicity, here we obtain it from
Eq. (3.4). In Appendix B we obtain the same equation
from Eq. (3.2).

First, we show how the different quantities in one frame
are connected to the same in the other frame. From the
conformal transformation relation (2.3), we obtain that the
null vectors change between the two frames in the follow-
ing manner [35]:

4=, 1, =¢l,

- 1 -

k* = —ke, k, = k,. (3.14)
¢

Let us take note of the nature of the null hypersurface in the
Jordan frame. It is important to stress that we are not
considering a different null surface H in the Jordan frame.
The hypersurface is still defined by ®(x%) = constant in
the Jordan spacetime as well. To establish this fact, it is
sufficient to prove that H still represents an integrable
hypersurface generated by I under the conformal trans-
formation. Taking cue from (3.14) and (3.3), its quite easy
to show that
va’ib - vbkl'a = (vaﬁ)zb - (vbﬁ)ia
= ¢(valb - vbla) + (va¢)lb - (vb¢)la'
(3.15)

This implies

(valb - vbla) = (8a[) - va In ¢)lb - (8b/~) - va In ¢)la
— Dup)ly — (00l (3.16)

with the scalar function p on H defined by
p = p +1In¢ + constant. The relation (3.16) guarantees
the hypersurface orthogonality of the null surface H
generated by [ defined via [, = ¢’V ,®. The nonaffinity
parameter of the null generators of H are defined
via k = IV p.
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From the relation (3.14), we find

0 =04 + 'V Ing,

k):

{ 1KY, lnqﬁ]
=k +1'V;Ing,

S = =

0, = w, —l—l [l kiV;In¢p +V, Ingp — k,I'V;In |,

Q, =9, +§qgvbln¢. (3.17)

Now, we start from the relation (3.4) and change the
covariant derivative operator of the Einstein frame (i.e. V;)
to the covariant derivative of the Jordan frame (i.e. V,).
Also, the null vectors of the Einstein frame (I’ and k%) are
transformed to the null vectors of the Jordan frame using
Eq (3.14). However, we keep other parameters (such as &,
Q 9<) 9< etc.) unchanged. In addition, the Ricci tensor,

the intrinsic scalar curvature of the whole manifold and the
same of the two-surface are expressed in terms of their
Jordan frame’s counterpart. With these goals in our mind,
we obtain

—kO 1) = D Q" — Q'V,(Inp) — Q. Q" + 601 + I'V,0 3
R, 1°k" R
— (£ —l———l——l“ka In¢)V,(In
(R4 5+ 55XVl T, -

D, Q" =D, Q" + Q'V,(In¢). (3.18)

The intrinsic scalar curvature of the two-surface transforms
as [63]

. @R 1
@R = — ——D'D;(In¢).

ya (3.19)

Also, R,,I%k” +R/2 in Eq. (3.4) can be identified as
G, 1*k", which changes under conformal transformation as

oo GlkP 3
G,k = bT 34 1°kPV ,(In )V, (In ¢b)
Lk
— V.,V ViV,
¢ b¢ ¢ l¢
3 .
+ @V,-(ln $)Vi(Ing). (3.20)

Using the transformation relations (3.18), (3.19), and (3.20)
in (3.4) one obtains the desired R,,lk” relation in the
Jordan frame, which is given as

1 1
— QR - _
35 R 2¢DD(111¢)
lakbv \Y, V’V 3 V.(In¢)Vi(l 3.21
e b — ¢2 i¢+4¢ i(Ing) (nqb)). (3.21)

To interpret the above relation (3.21) as the thermodynamic identity, we first use the field equation in the Jordan frame [i.e.
Eq. (2.2)] in (3.21), which yields upon multiplication by the scalar field ¢ on both sides as

—pk0 1) = —pD Q" — Q'V,(In ) — pQ,Q" + $03,0 ) + PI'V 0z, + % ()R — %DlDi(ln )
2043 8
- | (22N 0V 0) = S0 0 Vi) } - ] -1 w322

The terms inside the square_brackets of (3.22) can be
identified as the quantity 8%7"%) as computed in the Jordan
frame. Note that the same energy-momentum tensor for the
¢ field was also obtained in [35] when R,,[%¢% was
interpreted as a Damour-Navier-Stokes equation in Jordan
frame. Also, we know that the energy-momentum tensor of
the external matter fields are connected in the two frames as
T%) = T(a'Z> /. We now follow the same procedure as that
of the Finstein frame to obtain the first law of thermody-
namics. In the Einstein frame we considered the virtual
displacement of the null hypersurface from Az =0 to

/1(,;) = 5/1@) i.e. by an amount of 5/1@). We obviously expect
this numerical value of the displacement to remain the same

when we consider an analogous virtual displacement in the
Jordan frame. We have the relation

a

- k
x4 = —kaa/’{(ic) = —56/1(1}) - _kaaj'k' (323)

This above relation allows us to interpret 6/1 = ¢64;. This
can also be understood by the followmg way We know
k* = —dx"/dAy and k* = —dx“/d) and as k* = k*/¢,
we must have 64 = ¢6A;). Hence multiplying the
relation (3.22) with 64y /87 = ¢6A ) /8 and integrating

it over the transverse two surface S, with the integration
measure ,/q, we have
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k1, _ 2 /g | 7D

-Q,Q - D, —Q'V,(Ing) — ﬁD"Di(ln ¢)] Sk

This allows us to have

k1.
—/ dzx\/§61<k)¢2519(1~() =

S

- ﬁ x /G5 [Tﬁj’,?

_ 0,00~ D0 —

As earlier, the above equation (3.25) can be interpreted as
the first law of the null-surface in the Jordan frame, which is
given as

/ d2xT5,1(k>s = 5,1(/()E + F(S/l(m. (326)

S

For the moment we do not give the covariantly identified
thermodynamical quantities in the Jordan frame. This will
be given in the next discussion where we will show their
equivalence with those in the Einstein frame.
|

V,(Ing) — %D’Di(ln gb)] .

7™
ub a.b 0-0 .
o ]z K57, /aax\/" { IR 4 V.83 + 03,00

(3.24)

m) 2
Ta a ¢ i 0.0

(3.25)

3. Thermodynamic equivalence in two frames

In the following, it will be shown that we not only obtain
the first law of thermodynamics in the two frames, but also
the fact that the thermodynamic parameters are equivalent
in the two frames. First, we identify the temperature in the
Jordan frame as T = k/2x. This is equivalent to the
temperature 7 in the Einstein frame. Here, the entropy
density (s) in the Jordan frame is defined as s = ,/g¢/4.
Therefore,

ds OA (k) d\/q dff) Vae i
Si)S = g, 0 =2 ¢d/1( +v4q = =0~ (O + k'V;(Ing))
1 ~

— 7452\/59(7‘)&(") \/ 0104 = Byi 3 (3.27)

|
where we have used Here, we have used the fact that /§ = ¢+/q. Therefore, we
obtain that the entropy density and the entropy in the two
0 — _ Ld\/ﬁ (3.28) frames are equivalent. Also, let us note that the usual area
k) — Va dA ’ ) law of entropy is not valid in the Jordan frame. But, the

The total entropy in the Jordan frame is defined in a similar
way as the Einstein frame, which is given as

_/Stsaax—/stqﬁ\/Taaax—/i@dzx—S. (3.29)

obtained expression of entropy is consistent with earlier
observation [21].

The variation of the energy in the Jordan frame due to the
virtual displacement is given as

1 1 . . C e A 1
E = < A d*x\/q6 1) P* {% @R+ I'Vi0 3y + 030 1) — QQ* = DAY — Q'V,(In ) ——D’Di(lnqﬁ)} (3.30)

2¢

The expression of energy associated with the two-surface S, is identified as

1 1 R
— 2 2 i 5
=5 [, [ et R vy -

- D, — Vi(lnq’z)—ﬁDiD,-(lnqﬁ)} (3.31)
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It is quite evident using (3.18) and (3.19) that the
expressions for the variation of the energy (3.30) and the
energy (3.31) in the Jordan frame are equivalent to the ones
established in the Einstein frame, viz. (3.10) and (3.11),
respectively. Hence we have established the fact that the
energy terms are equivalent in both frames under the
process of virtual displacement.

The work done under the virtual displacement process in
the Jordan frame is identified as

(m)
T
W= / x\/q 8 < e ; )lak” FoA .

(3.32)
Using the relevant transformations ie. k¢ = ¢k,
Tib) = ;;Tib), 6A(x) = 64/ ¢, and V4 = ¢/q we obtain

(m)
Folg, / x\/q 5 ( A T(‘Z’)l“k”

/ &[G (TG + TUD) IR

Hence we see that the work done under the virtual
displacement process is equivalent in both the Jordan
and the Einstein frames. Even though the work function
turns out to be equivalent, the pressure terms in the
respective frames are not synonymous under our interpre-
tation. We identify the pressure (P) in the Jordan frame as

—(pTD + T 1k (3.34)
Obviously, the pressure functions in the two frames are not
equivalent i.e. P # P. Our identification of the pressure
term comes from the fact that the force conjugate to the
virtual displacement 64y in the Jordan frame is given as
the integral of the pressure term over the two-surface S,

= / d*x,/qP. (3.35)

So far we have seen that, like Einstein gravity, the ST
theory has also a similar thermodynamic structure on a
generic null surface. We found the thermodynamic quan-
tities on both frames and constructed them in such a way
that they are equivalent. It must be mentioned that this
identification of quantities is purely an analogy. A com-
parison with the familiar thermodynamics yields such
interpretations. But it may happen that the aforesaid null
surface may not be describing an equilibrium system and
therefore defining the geometric quantities in terms of
thermodynamic entities runs into trouble. Hence the

discussion till now has been based on a formal analogy
between gravitational equations and conventional thermo-
dynamic identities. On the contrary if the manifold has a
Killing horizon present in it (which represents a stationary
solution of the gravity theory) then, in the light of
constancy of surface gravity on the horizon and area (more
generally entropy) increase theorem, the thermodynamic
interpretation is much more logical. Having said that we
mention that the entropy increase theorem for a Killing
horizon in the ST theory has been discussed in literature
[34]. But constancy of surface gravity on the equilibrium
Killing horizon in this theory, as far as we aware of, has not
been proven explicitly. Of course, there is a mention in
literature that for the zeroth law to hold, the scalar field ¢
must be constant on the horizon, i.e. it must not only be
independent of the coordinate along the null generator, but
also of coordinates on S,. In our point of view the latter
restriction is very strong. Therefore we aim to look into this
issue here. We will posit the existence of a black-hole
spacetime. The Killing vector field is only timelike in some
open region of the manifold i.e. outside a compact region.
We mean that only this open region of the spacetime is
stationary. The vanishing norm of the Killing vector field
determines the position of the Killing horizon. We will see
in the next discussion that the existence of a timelike
Killing vector field in the stationary region of the spacetime
and the scalar field ¢ being Lie transported along it are
enough to prove the constancy of surface gravity on the
horizon. Therefore to obtain the zeroth law in general, ¢
can be a function of coordinates on S§,.

IV. STUDY OF THE ZEROTH LAW
IN BOTH FRAMES

Having stated our motivation, we are now going to prove
the zeroth law (in other words, constancy of surface
gravity) in this section. As far as the literature is concerned,
the proof of the zeroth law crucially depends on the
assumptions in the theory. The assumptions constrain the
generality of the proof in turn. As far as we know, the zeroth
law has been proven under three specific assumptions.

(1) Use of the gravitational field equations along with

the assumption that the nongravitational and matter
fields satisfy the null dominant energy condition
(NDEC). This approach does not assume any extra
symmetries of the spacetime other than the existence
of a Killing vector field. This has been explicitly
proven for the case of Einstein gravity [63] and
Lanczos-Lovelock gravity [67]. Our proof of the
constancy of the surface gravity in this section for
the case of ST gravity rests upon this assumption.
(i) Assumption of the existence of bifurcate Killing
horizons without the need of any gravitational field
equations [49]. This however is restrictive since not
all Killing horizons admit a bifurcation two-surface.

124038-9



DEY, BHATTACHARYA, and MAJHI

PHYS. REV. D 104, 124038 (2021)

(iii) Assumptions of extra symmetries in the spacetime
without the need of any field equations. This has
been explicitly shown in the case of static and
circular (stationary axisymmetric with #-¢ reflection
symmetry) spacetimes admitting the Killing horizon
[68-70]. We present a proof (which we hope will
add to the existing literature) of the zeroth law for
static spacetimes in Appendix C.

Our analysis will be done both in Einstein and Jordan
frames. In order to do that we start by constructing the
background requisites.

Let us posit the existence of a Killing vector y in the

Einstein frame (M, g, qfﬁ) defined via

£:9. =0 (4.1)
Using the above fact and §,;, = ¢g,,, we have
Mgg) 1
£;?gah =% E(£}?¢)gah' (4~2)

M.g.
This shows that provided £, q')( ;fwo, the vector field }
becomes the conformal Killing vector field in the Jordan
spacetime (M, g,, ¢). However, provided we impose the
constraint

(4.3)

we observe that ¥ is also the Killing vector field in the
Jordan frame as well. As a matter of field renaming (as per
our conventions) we can define the generator of this Killing
symmetry in the Jordan spacetime (M, g, @) to be y and
hence ¥ and y coincide in (M, g,,, @) i.e.

7o My (4.4)

The above relation has been followed from [20] and has
also been imposed in [19]. Obviously, we notice that the
contravariant components of the Killing vectors match in
the two frames, whereas the covariant vectors are related by
the conformal factor. Hence the constraint (4.3) translates
to the condition,

ava¢ M gab (/))

(4.5)
We now show what the condition (4.5) implies in the
Einstein frame. In fact taking the help of the rescaling of the
scalar field ¢ (2.4) we can show that

Qo)+ 3) |

X v & aa&b = 167 ¢)(ava¢‘ (46)

The above relation clearly implies that setting the constraint

(M.g, . .
“Vaqﬁ L) 0 in the Jordan frame results in an analogous
constraint in the Einstein frame, i.e.

7V, (4.7)
Having established the connections between the constraints
(4.5) and (4.7) in the two frames, we now switch our
attention to the Killing horizons established in the two
respective spacetimes. We reiterate that the Einstein frame
(M, Gap- @) and the Jordan frame (M, g,p.¢) admit the
Killing vector fields ¥ and y respectively upon which we
have assumed the existence of the constraints (4.5)
and (4.7).

A Killing horizon H®) in the Einstein frame (M, Gups (,;5)
admitting the Killing vector field ¥ is by definition a null
hypersurface of codimension one such that ¥ is normal to
H'®) and hence coincides with the null generators of HK)
Under the assumption of the constraint (4.5) and ¢ being
finite on the horizon, we necessarily see that the Killing
horizon H%) under the conformal transformation (2.3) and
scalar field rescaling (2.4) is mapped to a Killing horizon
H'K) in the Jordan frame (M, g,5, ¢). The null generators
of HX) coincide with the Killing field y on H(X)
Furthermore, we assume that the respective Killing hori-
zons have (transverse to the null generators) spacelike cross
sections that are closed manifolds. The null generators
satisfy the pregeodesic equation on their respective Killing
horizons,

(4.8)

and

llH<K) a
2V = Ky, (4.9)

where K and k are the nonaffinity parameters and the surface
gravities associated with the null generators }y and y of HK)
and HK) respectively. It is worth noticing from (3.17) and
under the constraint (4.3) imposed on the scalar field that &
and « are the same.

We now shift our attention towards the consideration of
the zeroth law of black hole mechanics as applied to the
Killing horizons in the two frames. Our proof toward the
constancy of the surface gravity in the Killing horizon will
demand the dynamical content of the theory, in the sense
that we will use the gravitational field equations. The
dynamical field equations come into play provided we use
some energy conditions. For our case, we will assume that
the NDEC holds. We will prove the zeroth law as applied to
the Killing horizons in both frames in two different ways.
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A. Approach I

For the first approach we basically follow [63]. We
observe that the relations (4.8) and (4.9) are applicable only
on the respective Killing horizons. Hence directly applying
the derivative operator V,, onto such relations that are only
valid on the Killing horizon leads us to problems. In order
to prove the constancy of the surface gravity we basically
need to take its directional derivative along a vector/tensor
field that lies in the tangent plane of the Killing horizon.
The Killing horizon being a null surface makes it impos-
sible to have a well-defined projection tensor onto it using
only the metric and the null normal. However we can look
at the tensor field €°““y, which is tangent to the Killing
horizon as is evident from the fact that e**“?y_y, = 0. Here
€abea 1S the spacetime volume form. Hence we can apply the
derivative operator €**“?y V, as applied to relations that
are valid only on the Killing horizon. Taking the completely
antisymmetric nature of the volume form, we may as well
take the derivative operator y(,V; as applied to relations
valid only on the Killing horizon. For any Killing horizon
generated by y, we have the relation [63]

)

HK
XaVok = = XaRe) 25 (4.10)

where R,;, stands for the Ricci tensor.

1. Einstein frame
Let us now begin our analysis in the Einstein frame
(M., Gap- @) as applied to the Killing horizon HX) gen-
erated by ¥. The resulting equation concerning the change
of the surface gravity & along any direction tangent to the
Killing horizon HX) is given by

I 0

Tk = 2Ry’ 7 (4.11)

Using the field equations (2.5), we compute the right-hand
side of (4.11) which leads us to

5 e 1 g
)([utsb}f)(fU(d))+@)([a5h]f)(fR . (4.12)

Using the constraint (4.7) as applied to the Einstein frame
the above relation simplifies which allows us to express
(4.11) as

= HE) H m)

T1aRe) 7= — Sﬂﬂ([aTg,] 2. (413)

Next, we notice that projecting the field equations (2.5)
along the null generators of FX) we have

R B (U
Eah)(a b _E ab. “ b_i()(avu¢)()(hvb¢)
U B
+ZXZV ¢vi¢+5X2U(¢),
1 aim) oy
=5 Tax? (4.14)

where 7? stands for §,,7°7". Employing the constraint as
applied in the Einstein frame (4.7) and the fact that ¥ is null

on the Killing horizon HX), we obtain

a)?bﬂﬁ)

R..7 8T " yazh. (4.15)
As mentioned earlier, we assume that our Killing horizon
A% is a null hypersurface provided with the topology
HE ~R x j , where the spacelike cross-section :7 is a
closed two-dimensional manifold (this is similar to the S,
describing the cross section of our earlier generic null
surface). The induced metric onto the cross-section J is
designated as g,,. The null generator y satisfies (4.1),
which implies that ¥ is a symmetry generator of HE) Now
since g, is the metric induced by g,,, on 7 and the fact that
the basis vectors on j are Lie transported along the null
generators, we have the deformation rate tensor ®,, of 7
(which coincides with the second fundamental form for an
integrable null hypersurface in the absence of torsion) [48]
vanishing identically,

(4.16)

The irreducible decomposition of the deformation tensor

~ 1. - B
Ou = 5%179(;2) + Oab, (4.17)
where é()-{) denotes the expansion scalar corresponding to

the null generator ¥ and 6, the shear tensor necessitates the
fact that

(K (K)
0720 and 3, =0, (4.18)

This is precisely because the cross-section 7 is spacelike in

nature. Now we can use the NRE as applied on HX) to find
the value of R,,7%7”. The NRE reads as

YK o

— R, 77", (4.19)

v =7 12 ~ =
¥ Vﬁ@ - K90(~) + 59@ + 6,40
As applied to the specific Killing horizon H¥), where we
established that the expansion scalar and the shear tensor
for ¥ vanish, the NRE implies
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- 7(K)

R 7" 0. (4.20)
This entails the fact from (4.15) that

Tl gz (4.21)

From the above relation we can conclude that the vector
field 70" 7" lies on the tangent plane of the Killing
horizon and hence is either null (collinear to ¥) or spacelike
(in the tangent plane of J). To proceed ahead, we will make
the assumption that the matter and the nongravitational
fields in (M,Qab,g?)) satisfy the null dominant energy
condition. The NDEC states that the vector field W¢
defined as

We = —T(ma,zb (4.22)

is future directed causal (null or timelike) for the future
directed null generator y of HE), However, we have
already shown that on HE), the vector field Tima, zb
can either be null or spacelike. Hence the NDEC forces

T(mae, %> to be null on the Killing horizon and hence
collinear to the null generators,

(4.23)

where @ is some proportionality factor. Using the above
relation in (4.13), we finally end up with the establishment
of the zeroth law as applied on the Killing horizon in

(M7 gaba &5),

(4.24)

This basically shows the constancy of the surface gravity
over the entire Killing horizon 7{X) established in the
Einstein frame (M, §,,, ) by the null generators 7.

(M.gap-)

% 9 7y
AL ¢(877'7([a O ¢

1 . 1
- El[aéb]f)(fv((ﬁ) + (Ve V) —)([a5b]f)(f(vivl¢)> - El[aéh]f)(fR'

Using the constraint as applied in the Jordan frame (4.5)
and simplifying the above result, we have then for (4.10)

Hx 1 m
2aViK= = (8717([aT§7] vy (Z[avb]fof’))- (4.29)

Next, we have the fact that

2. Jordan frame

Now, we proceed toward the establishment of the zeroth
law in the Jordan frame (M, g, ¢). As again, we reiterate
that under the constraint (4.5), the Einstein frame
(M., Gup» @) with the Killing vector (%) is mapped (under
the conformal transformation of the metric and the scaling
of the scalar field) to the Jordan frame (M, g, ¢) with the
Killing vector field y. We further posit the existence of a
Killing horizon H®) in the Jordan frame where its null
generators / coincide with the Killing vector y;,

(K)
lH:K;(.

(4.25)
The topology of the Killing horizon in the Jordan frame
should remain the same, in the sense that the spacelike
cross section of the null surface is assumed to be a closed
manifold. The same analysis toward the fact that the Killing
horizon H') is a nonexpanding horizon follows. The null
Killing vector y is a symmetry generator of the Killing
Horizon H(K)

H(K)
£;(gah =0.

(4.26)
This again implies that the deformation rate tensor and the
second fundamental tensor corresponding to &) vanishes.
So does the expansion scalar and the shear tensor corre-
sponding to the null generator . Again, application of the
NRE for y, leads us to the fact that

R 2”2 0. (4.27)
As applied to the Killing horizon H), the analogous
relation holds regarding the directional derivative of the
surface gravity along any vector field tangent to the null
surface (4.10). Its is quite easy to verify that the right-hand
side of (4.10) upon application of the field equations in the
Jordan frame leads us to

2100 2/ (VipVigh) + Z)( V(e V)

(4.28)

)Mgab¢

£,(Vig (4.30)

This is again to be expected since the scalar field ¢ is Lie
transported along y as evident under the constraint (4.5)
and therefore the quantity (V,¢) is expected to satisfy the
symmetry of the spacetime. However we give a brief sketch
of this in Appendix D. Using (4.30), we can verify that
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. (K)
2 (Vi Vi) S 0. (4.31)

A detailed outlined proof of this is given in Appendix D. So
finally, we obtain from (4.29) and (4.31)

E b)(a)(bm/t’%”'(ﬁ) 1
a

2

On the Killing horizon H(X), y is null and the projection

component R,,y%y" vanishes (4.27). Upon using the

constraint relation (4.5), we obtain from (4.33)
a H(K) m 4

YV V= 82Tyt (4.34)

Using the relation (4.30), it can be easily shown that
14"V, V¢ vanishes on HK),

a u H(K) H(K)
XXV NV =18, (Va) =VippV 1") = 1"V, "= 0.
(4.35)
Hence this allows us to finally conclude that
T ™, (4.36)

The above relation implies as usual that the vector field
T,(]m)”)(b lies on the tangent space of the Killing horizon

HK) and hence is either null or spacelike. From the
invariance of the matter action under conformal trans-
formations

A = [ /g2 = [ atrymgem —am, (37)

we necessarily have the following relation between the
matter (and nongravitational) Lagrangians between the
Einstein and the Jordan frames, under the conformal
transformation rule (2.3),

Lm = Qrim, (4.38)

From the definition of the matter energy-momentum tensor,

Fr(m) 2 6 = %(m)
T = — - (/-3L
ab \/:§5§ab< g

L0t 2§ ”
Q™ 05 =554 <\/_—g£( >>, (4.39)

1

HK) m
A ; 8ra Ty 1. (4.32)

Next, we proceed to calculate Ti’;’) vy? on the Killing horizon.

Using the field equations of motion (2.2), we can show that

Ton [#Gax 2" + 5 (V9D = (V) 6 V9)

1 . 1
F=22V(D) = 2V Vo + 22 (ViVig) | = =TIyt

5 Tab (4.33)

[
we have the following relations between the matter energy-
momentum tensors in the two conformal frames,

Ti’Z) _ Q_zTE;Z)v T(m)}t]Z _ Q‘4T("’>Z,
Tlm)ab — =6 (mab_ (440)
Now, since Q> = ¢ is a strictly positive function of the
spacetime coordinates, we conclude via (4.40) that if the
NDEC holds in the Einstein frame, then it must also
necessarily hold in the Jordan frame. The vector field
W4 defined as

wa = —1"ayb (4.41)
is future directed timelike or null for any future directed
null vector field y. But again, we have previously shown
that T(m)Z can either be null or spacelike. Hence the NDEC

(m)a

as applied to H'K) forces T , to be null on the Killing
horizon and hence is collinear to its null generators,

m (K)
_T( )ZZbH: a)(a ,

(4.42)
where a is some proportionality factor. Finally using the
above relation in (4.32), we get to our desired goal,

HEK)
)([avh]K =0. (443)
So we have essentially established the constancy of the
surface gravity x over the Killing horizon HX) i.e. the
zeroth law holds for the Killing horizon established in
the Jordan frame under the constraint (4.5).

B. Approach II

Now we give a different proof of the zeroth law in the
two frames considered. However, this proof also relies
upon the dynamical content of the theory in the sense that
the field equations are used under the fact that the NDEC
holds in both frames. The method we follow is adopted
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from [71]. Let us begin with very generic considerations in
the sense that suppose our spacetime (M, g,,) admits a
Killing vector field y. The vector field y then generates the
Killing horizon in the given spacetime, in the sense that y
coincides with the null generators of the Killing horizon.
The surface gravity « of the Killing horizon H is defined as

L va;(,,va (4.44)
We can show, without using the gravitational field equa-
tions, that x is constant along the null generators. After all,
this is to be expected since y is the symmetry generator of
the horizon H. Taking the directional derivative of the
above equation (4.44) along the null generators y, we have

)Ropiar 14 20.
(4.45)

(Vi) ZE = (Vi) (Vi ) E = (V4

Since « is nonzero on the horizon (nondegenerate), we
necessarily have

(Vi) o

As a result once we have established the fact that we have
respective Killing horizons in the two frames, we should be
content in proving the constancy of the surface gravity only
along the spacelike directions. This is exactly the point
where we will require the respective field equations in the
two frames. As before, we assume that the Killing horizon
‘H has a topology of R x J, where J is a closed spacelike
manifold transverse to the null generators. We can establish
the relation [71]

(4.46)

DCK2 - Rab){uqbc’ (447)
where D, denotes the derivative with respect to the
spacelike manifold (J,q) and ¢“, = 8% + x“k, + k%,
denotes the induced metric on 7 with k¢ being the auxiliary
null vector transverse to H.

1. Einstein frame
We now follow up with this in the Einstein frame
(M., Gup» @) Where we have for the Killing horizon ¥
generated by ¥ [having the spacelike cross-section (:7 .41,
H:

D& (4.48)

Using the field equations in the Einstein frame (2.5) its
quite easy to show that

~g o~ 1~m~a~ 1~a~~~~
R = 16 (310 70 4 5 0.DIDD). (449

Use of the constraint relation (4.7) allows us to have

(4.50)

Invoking the validity of the NDEC as applied to the
Einstein frame, we have

m) o 7K
_TEJ = /3)(177 (4.51)
where /3 is some proportionality factor. This further allows
us to conclude that the right-hand side of (4.50) on the

Killing horizon HX)

—87‘[T(m) ~a b HK)

Wi, = =8yt =0.  (4.52)

The last part comes from the fact that the null generator of
H') is orthogonal to the spacelike cross-section 7. So in
essence, we have finally showed that in the Einstein frame,
the zeroth law holds,

=

b 0. (4.53)

2. Jordan frame

We now proceed towards the Jordan frame where we
have the relation established on the Killing horizon H(X)
[with the spacelike cross-section (7, ¢q)],

(K)

DCK'H: - Rupxq’.. (4.54)
Again, using the field equations (2.2) for the Jordan frame
and the constraint (4.5) it is quite easy to show that

1 m
Runxq"c =~ (8ﬂT(ab)x 9. +x'q cvavb¢)' (4.55)

¢

The quantity y*¢”.V,V,¢ vanishes on the Killing horizon
HK),

7"V, V00, (4.56)
This has been shown in Appendix E. This allows us again
to have

H(EK) 1 (m) 4

D.x'= —ESnT g (4.57)

Similar validity of the NDEC in the Jordan frame allows us
to establish the fact that the right-hand side of (4.57)
vanishes on HX). Hence we finally establish the zeroth law
as well in the Jordan frame,
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HK)
D k= 0.

(4.58)
Since temperature is proportional to surface gravity, the
above analysis shows that the temperature is constant over
the horizon. This we have shown separately in both the
frames.

V. CONCLUSION

There has been much debate about the physical (in)
equivalence of the Jordan and the Einstein frame and the
question still remains as to what can be considered “more”
physical than the other. Any establishment of (in)equiv-
alences of physical and thermodynamical quantities can
only help us to address such long-standing issues. Our
present work has been focused in this particular direction
aimed at the thermodynamical aspects of the gravitational
theories in the two frames. In earlier works, it had been
shown in the context of Killing horizons present in the
spacetime that the thermodynamic parameters are equiv-
alent in the two frames. However, the presence of the
Killing horizon imposes symmetry requirements on the
spacetime. Moreover, since the Killing horizon describes a
stationary equilibrium black hole system, the equivalence
of such thermodynamic parameters is restricted only to
equilibrium processes. However, it has been established
that at least for Einstein gravity and the Lanczos-Lovelock
gravity the gravitational field equations expressed in the
neighborhood of a generic null hypersurface assumes a
thermodynamic interpretation in analogy with the first law
of thermodynamics. The presence of this generic null
surface does not ask for any symmetry requirements on
the spacetime. The resulting thermodynamical interpreta-
tion given under the context of virtual displacement of the
null hypersurface incorporates both equilibrium as well as
nonequilibrium processes. That is such an interpretation is
capable of handing internal entropy generation due to
dissipation or viscous effects under the process of virtual
displacement [43]. We have shown that such an equiv-
alence of the relevant thermodynamic parameters also
exists in the case of ST theory of gravity. For this, we
used the projection component R, [°k” onto a generic null
hypersurface established in both the Einstein and the
Jordan frames. Through their respective dynamics and
the process of virtual displacements, we connected the
component R,,[?k? to the relevant thermodynamic iden-
tities (established on the null hypersurface) in both frames
in a completely covariant fashion. We stress again that such
an identity has been interpreted not via any coordinate
system adapted to the null hypersurface (say the GNC
system). Our analysis has been done completely in a
covariant fashion which allows us to provide covariant
expressions of the relevant thermodynamical parameters,
which can then be adapted to any coordinate system
of the person’s choice describing the spacetime in the

neighborhood of the null surface. This allowed us to
interpret from the analogical thermodynamical first law
established in both frames that the quantities like temper-
ature, entropy density, energy, and the work function are
equivalent in both frames. Finally, this nicely ties in with
another interpretation provided under the umbrella of
the projection component R,,lg”. which leads to the
Damour-Navier-Stokes equation. The equivalence of the
relevant fluid variables (of the DNS equation) in the two
frames had previously been established. Thus such fluid
variables and thermodynamic parameters operate on an
equal footing when the two frames are considered. This we
hope lends much ground to the issue about the physical
equivalences between the two frames.

Let us reiterate the fact that the above thermodynamical
interpretation (using the field equations in the two frames)
had been drawn based on analogy with conventional
thermodynamics. This however does not allow concrete
physical interpretation of the thermodynamic variables,
especially the temperature. In conventional thermodynam-
ics, the temperature is essentially an intensive variable
whose constancy defines the notion of thermal equilibrium
between two thermal systems under contact. This is
essentially the statement of the zeroth law of thermody-
namics. However, for gravitational dynamics, there is
actually no notion of two black hole systems being in
thermal equilibrium with each other. The zeroth law of
black hole mechanics says that a black hole system in
thermal equilibrium must be by definition a Killing horizon
(defining a stationary black hole system) over which its
surface gravity is constant. This constancy of the surface
gravity allows us then to give a concrete identification and
interpretation of the temperature associated with any
generic null hypersurface. So our analysis would be quite
well rounded if we could prove the zeroth law as estab-
lished in Killing horizons in the two frames.

The zeroth law for scalar-tensor theory had been estab-
lished in the literature under the constraint that the scalar
field needed to be constant over the Killing horizon.
However, we believe that this is a bit too restrictive. In
the second part of our analysis, we showed that in order for
the zeroth law to hold in both the frames, the only
requirement we demanded of the scalar field was for it
to respect the symmetry of the given spacetime. That is, we
only demanded that the scalar field is Lie transported along
the symmetry generator of the spacetime. This implies that
on the Killing horizon the scalar field is independent of the
coordinate along the null symmetry generator, but can very
well depend on the angular/transverse coordinates. We did
not put any extra symmetries on the spacetime other than to
impose that the matter and nongravitational fields in the
two frames satisfy the NDEC.

Finally, we believe that our results based on the thermo-
dynamic identity valid on any generic null hypersurface
and the proof of the zeroth law in the two frames provide
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some clarification into questions regarding their physical
equivalences (or inequivalences for that matter). It is
worthwhile to mention that at the classical level a certain
class of f(R) gravity can be cast in the form of ST theories
(as not possible in general; for instance see [72] and
references therein). The thermodynamic structure of such
f(R) theories can be discussed along the present line of
thought. We hope that our analysis will help shed more
light onto the nature of physics in both the Einstein and the
Jordan frame.
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APPENDIX A: EQUIVALENCE OF EQ. (3.4) AND
EQ. (3.2) UNDER THE CONFORMAL
TRANSFORMATION

Using Eq. (3.17), one obtains the following relations:

D Q¢ = ;D Q + % [ k' + 9@11} V(In )
‘é(ﬁv V,(Ing), (A1)
000 = % {3(0‘9(@ + <9<l>ki + 0 l’) Vi(lng)
+ IV, (In )V, (In ¢)] , (A2)
Vi, = %I’Vﬂ(k) + % [Qf — kki — e(k)zf] V,(In ¢)
LT )Y ) + VT ). (43

Using (3.18), (3.19), (3.20), (A1), (A2), and (A3) in (3.4)
one obtains (3.2).

APPENDIX B: OBTAINING EQ. (3.21) STARTING
FROM EQ. (3.2)

We start from (3.2) and write each parameter of the
Jordan frame (such as 9(,>, Q(k), K, Q¢ etc.), in terms of the
parameters of the Einstein frame (such as 9(7), 9(,;), %, Q¢

etc.) using Eq. (3.17). We consider term-by-term of
Eq. (3.2) and obtain the following relations for each term:

O = PRy — KKV, (In ) — POz I
+ I'k'V;(In$)V;(In ),

Vi(In¢)
(B1)

D, Q% = ¢pD Q% + QD ¢ — %D“Da(ln $), (B2)
Oy = 9000 — #O ) 'Vi(In ) — Vi(Ing)
+ 1'k'V,(In$)V,(In ). (B3)

Now, we know that D“D,(In¢g) = ¢iV(¢/*V(Ing)),
from which it can be obtained that

DD, (Ing) = ¢''V,V;(In ) + [0,k + 0,5,1]V:(In ).

(B4)

Writing 6 one further

obtains

and 0 in terms of 9(7) and 9(,;>,
DD, (In¢) = ¢V V;(Ing) + ¢ 'V

Vi(lng)

i(Ing)
—2I'k/V,(In $)V;(Ing).
(B5)

Using (B5) in (B3), one obtains

= $80 ) — DD, (n ) + ¢V, V(In )

- l’kJVi(ln P)V;(Ing). (B6)

Writing Q¢ in terms of Q we obtain

Q' Q, = pQQ, — P& V;(Ing).

(B7)

V,(ng) + 34V,(Ing)

Finally we obtain

IV 0y = PI'Vi0 3y + $03 'V i(In ) — pQ'V,(In )

i(Ing)
V,(Ing) - lika,»Vj(ln¢).

347V, (n )V, (Ing) + PRV

—I'k’V;(In ) (B8)
Now, using (B1), (B2), (B6), (B7), and (BS8) in Eq. (3.2),
one obtains Eq. (3.21).

APPENDIX C: PROOF OF THE ZEROTH LAW
FOR STATIC SPACETIMES

We assume the spacetime (M, g) to be static i.e. both
stationary (admitting a killing vector field y) and the Killing
vector field y as being hypersurface orthogonal. The
hypersurface orthogonality condition implies that over
the manifold we have
(C1)

XeVixa =X VoXa +xsVaXe + XaVexs = 0.
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The above relation is valid on the manifold and not just
only on the Killing horizon HX) in the given spacetime.
Hence we can safely take the derivative of the above
relation:

va[)(cvb)(a +)(bva)(c +)(avc)(b] = 0. (Cz)
Using the Killing equation V y, + V,y, = 0, it is quite
easy to show that the above relation reduces to

XNV + 0o + VoV, = 0. (C3)
We now define the following quantity P, to be
Py =R . (C4)
Simple manipulations allow us to have
P, =R ;=[5 Vi’
=V,Vu" =V .V’ =V, Vr?
=-V,V%. = (Cs)
Use of Eq. (C5) in Eq. (C3) yields
XePy = xpPe = =1V k- (Co)

Since y is a symmetry generator of the spacetime, any
tensor constructed out of y and g,, will also respect the
spacetime symmetry. Such a tensor field is the quantity
T., = V.x,- Explicitly, this means that

£,T., =0. (C7)
This follows that
VoV + Vi, (Ver®) + Vo (Vix®) =0
x'VoVoy,=0.  (C8)
Use of Eq. (C8) in Eq. (C6) implies
XPp—xpPe=0. (C9)

Now, as applied onto the Killing horizon HX), we have the
relation (4.10), upon which using Eq. (C9) leads to

HEK)
XaX1aVuK = = xax R pya

HE Xa
Y ()(fbe)(a —)(fRfa)(b)

H®)  Xa

5 (C10)

(Ppxa—Puxy) = 0.

Since we assume our Killing horizon to be nondegenerate,

)
we essentially have ;([avb]KH:K 0. This essentially proves

the zeroth law for static spacetimes admitting a Killing
horizon without the need of the dynamical field equations.

APPENDIX D: PROOF OF THE RELATION (4.31)

We begin by showing that the Lie derivative of V ¢
along the null generator of y vanishes over (M, g, })
using the constraint (4.5),

£,(Vp) =1'V. Vs + (Vi) (Var)
=Vo('Vs¢) = (Vor! ) (V)

+ (Vi) (Var!) = 0. (D1)

We have then
. 1 . )
X ()([avb]vf'¢) = B <)(f)(avbvf¢ —)(bevavfﬁb)- (D2)

Using the first line of (Dl) we have
o'V Vup = =35 (Vo) (V,x°). Putting this in the sec-
ond term of above relation, we have

20590 = (19 9,8) = 2T T )

+xb<vf¢><vaxf>>

1
:Equb (Zavf)(b +)(bva)(f)~ (D3)

Let us then invoke the hypersurface orthogonality of the
integrable null hypersurface HX) generated by the null
vector field y in the absence of torsion,

H(K)
XaVxe T XVixa +xsVaxs = 0. (D4)

Using the relation (D4), we have

HEK) 1 HE)
9V =5 (29,0000 S0, (©05)
This proves our desired relation.

APPENDIX E: PROOF OF THE RELATION (4.56)
Next we proceed to give a proof of (4.56). Using the
relation (D1), we have on the Killing horizon H(X)
14" NV =—=4" (V) (Vir*)
= =(8" + 2 ke + K2 ) (V) (Vi)
= —VD(Vera + kkepa + K4 Vpxa). (El)
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From the hypersurface orthogonality condition of the Killing horizon (D4), we have

(K)
)(aqbcvavb¢H: - Vad) <Vc)(a + ch)(a - kh()(bva)(c +Zavc)(b)>

(K)
H: - Va¢ <vc)(a =+ ch)(a + va)(c - (kbvc)(b))(a> . (E2)

Use of the fact that y is a symmetry generator of (X) and the constraint condition (4.5), allows us to have

)(athvaquﬁHg)o' (E3)
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