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We readdress the thermodynamic structure of geometrical relations on a generic null surface. Among
three potential candidates, originating from different components of R, along the null vectors for the
surface (i.e., Rypq?1°, R,,191°, and R,,1°k" where g, is the projector on the null surface and [, k¢ are null
normal and corresponding auxiliary vectors of it, respectively), the first one leads to a Navier-Stokes-like
equation. Here we devote our investigation to the other two members. We find that R ;,/?1”, which yields
the evolution equation for the expansion parameter corresponding to [ along itself, can be interpreted as a
thermodynamic relation when integrated on the two-dimensional transverse subspace of the null
hypersurface along with a virtual displacement in the direction of /“. Moreover, for a stationary
background, the integrated version of it yields the general form of the Smarr formula. Although this is
more or less known in literature, a similar argument for the evolution equation of the expansion parameter
corresponding to k¢ along [, provided by R,,[%k?, leads to a more convenient form of thermodynamic
relation. In this analysis, contrary to earlier approaches, the identified thermodynamic entities come out to
be in covariant forms and also are foliation independent. Hence, these can be applied to any coordinate
system adapted to the null hypersurface. Moreover, these results are not restricted to any specific
parametrization of k£ and also k“ need not be hypersurface orthogonal. In addition, here any particular
dynamical equation for the metric is not being explicitly used and therefore we feel that our results are
solely based on the properties of the null surface.
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I. INTRODUCTION

The intriguing connection between gravitational dynam-
ics explored on the black hole horizon and classical
thermodynamics was laid bare in the 1970s following
the work of Bekenstein, Hawking, and others [1-5] (for
a review see [6—8]). This led to the development of the
famous black hole mechanics which are a set of intricate
equivalences. For every law of black hole mechanics, there
exists a corresponding law of classical thermodynamics,
thus allowing the black hole to be considered as a
thermodynamic object. However these connections can
very well be equivalently established not only for black
hole horizons, but also on any arbitrary null hypersurface.
This allows the attribution of thermodynamical quantities
like temperature, entropy, etc. for any null surface [9]." 1t
has been shown in literature, that certain projections of the
Ricci tensor R,;, onto a generic null hypersurface H and
along the corresponding auxiliary null vector assume
physical and/or geometrical interpretations. These relevant
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Although not fully understood, there exists certain progress in
this direction (see [10-12] for a few instances).
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projections are R,,1°I°, R,,1°k", and R,,1°¢", (a related
discussion can be followed from Sec. 3 of [13], see also
[14]). Here [* represents the null generators of H and k¢,
the auxiliary null vector field on H. The induced metric
onto S,;, where S, represents the two-dimensional spacelike
transverse submanifold of H, is given by ¢”. (these
notations will be cleared in the next section). Below, we
first mention the existing discussion of these in order to
motivate to our goal.

Damour [15] (in the context of a black hole event horizon
in Einstein gravity) showed that the particular projection,
R,,1%G"., on S, leads to the Damour—Navier-Stokes (DNS)
equation which is structurally quite similar to the Navier-
Stokes equation. However, the DNS equation can as well be
obtained for any generic null hypersurface H in the
spacetime [16-18] [see Eq. (6.14) of [16] for an excellent
review]. The DNS equation is an evolution equation that
relates the Lie derivative (along [*) of the Hajicek one-form
with R,,1g" .. The Hajicek one-form is a purely geometric
quantity defined on ;.

On the other hand, R,,[%l" leads to the null
Raychaudhuri (NRC) equation [19]. The NRC equation
is a purely geometrical relation which relates the evolution
of 6(; (the expansion scalar of [* field) along the null
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generators /¢ with R,,1?I”. The NRC equation was used as
a crucial input by Jacobson to derive the Einstein field

equations from the Clausius identity 6S = %, applied on
the local Rindler horizons [20]. The Rindler horizons are
assumed to be at thermodynamic equilibrium and 6Q
represents the matter energy flux traversing across the
causal horizon which results in the change of entropy 65
(known as Clausius entropy) associated with the horizon.
The equilibrium condition requires the crucial restrictive
assumption of the vanishing of the second fundamental
form and the shear tensor on the null horizon. It is
postulated that 6S is proportional to the area change of
the horizon. The above formalism was extended to the
nonequilibrium case, in the regime of which, the shear
tensor and the expansion scalar on the null surface cannot
be set to zero [21-23]. Gravitational equations for certain
modified theories of gravity were also obtained from such
similar thermodynamic considerations [22]. Later, this
concept of Clausius entropy was extended to an arbitrary
bifurcate null surface [24] and the Einstein equations were
also derived for a stretched light cone [25]. Moreover,
Jacobson [26] derived the Einstein field equations as
applied to local causal diamonds (constructed at any point
in the spacetime) by extremizing the total entanglement
entropy of the null horizon and the matter inside of it.
Now we concentrate on R,,[°k”. It was shown by
Padmanabhan and his collaborators [13,27,28] that a
certain projection of the Einstein equation (specifically
G.pl%k* and hence R,,I°k") yields a thermodynamic
interpretation which is structurally similar to the first
law of thermodynamics. The main difference between
Padmanabhan’s [13,27,28] and Jacobson’s [20] approaches
in order to relate thermodynamics is the choice of
the component of the Einstein equation. For Jacobson,
the relevant projection component is R,,[*[®, whereas for
Padmanabhan, the choice is R,,[%k". In fact, it is pointed
out in [13] that the neater component to consider is R ,;,[*k”
which produces the thermodynamic identity without any
restrictive assumptions like the vanishing of the second
fundamental form and the shear tensor on H (which was a
crucial assumption in Jacobson’s approach). The argument
behind this is that R,,/“k" picks out the component of
R, 1% along [, the null generators which are intrinsic to the
null surface H, while the other one corresponds to that of
R, 1% along k¢ (see Sec. 3 of [13] for more details).
Padmanabhan’s approach has been generalized to the case
of Lanczos-Lovelock theories of gravity [29-31] as well.
However, the existing physical interpretations of R, 1¢1?
and R,,;,1%k?, so far, have been made explicit via the specific
gravitational equation of motion. Moreover, in the latter
case the same has been done for a generic null hypersurface
by invoking the adapted Gaussian null coordinates (GNC)
[32-35]. This makes the identified expression of the
thermodynamics entities to be in “noncovariant” form.
In this paper, we aim to investigate whether in a completely

covariant fashion, R,,1“I” and R,,I%k” can be provided
with any physical interpretation, without invoking any
specific gravitational dynamics, i.e., solely based on the
properties of null surface H. In our analysis, the NRC
equation (for both the [* and k“ vector fields) is the starting
point in providing a physical interpretation for the two
concerned projections. We show that the underlying
dynamics of the background is not “explicitly” necessary
to provide such an interpretation.

Our analysis and results are divided in different sections.
In Sec. II we provide a brief overview of the null foliation
of the spacetime manifold in the neighborhood of our
generic null hypersurface H, which acts as the building
block of the present analysis. In Sec. III, we analyze if
R,,141" can be provided with a physical interpretation. We
begin with the NRC equation for [ and then integrate it on
the transverse spacelike surface S,. The performance of a
virtual displacement along the null generators of H leads to
a possibility of thermodynamic identity. We feel that this is
not a surprising result at all as the NRC equation is being
used in search of the thermodynamics of horizon and
therefore it possesses such an inherent structure. Still, we
present this one in order to provide a segue into our main
topic of providing a physical interpretation to R,,/?k” in a
covariant way. In going through the steps we shall observe
few interesting features of the approach which are probably
not emphasized in literature. It is noticed that in the special
case of a stationary black hole system, the expression of
the energy is related to the well-known Komar energy
Eg (please see Chap. 4, p. 149 of [19]). Moreover, the
integrated form of the thermodynamic identity leads to a
generalized form of the Smarr formula [36] which, as given
in literature, is of the form Eg =2S7. Here T is the
temperature of the horizon (see [37-40] for discussions
related to this identity).

Next we concentrate our attention to R ,,/?k” in Sec. IV.
Invoking the NRC equation corresponding to k“ (the
auxiliary null vector field) and integrating it on the trans-
verse space S; and allowing for the virtual displacement
along k%, we arrive at a thermodynamic interpretation of
R,,1*k> which is structurally equivalent to the first law of
thermodynamics. The null foliation (though nonunique)
of the spacetime manifold allows us to have a completely
covariant expression of the energy term. This is because the
expression of the energy term contains geometrical quan-
tities defined on the null surface H. These geometrical
quantities once defined on H will be independent of the
foliation chosen. Here we provide our definition of the
“geometrical work function” in order to make way for
the thermodynamic identity independent of any theory of
gravity.

The previously equivalent thermodynamic interpreta-
tion (analogous to the first law of thermodynamics) has
been provided in the FEinstein-Hilbert [13] and Lanczos-
Lovelock theories [31]. However, there are certain important
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differences between the work in [13,31] and ours. In [13]
and [31], the derivations of the thermodynamic identity
have been performed near a generic null hypersurface
without any assumed symmetries of the spacetime.
However, the derivations have been performed with respect
to an adapted null coordinate system constructed in the
neighborhood of the generic null surface H known as the
GNC system. One noticeable feature of such a construction
is that the expression of the energy is compatible to the
GNC metric only. For the GNC construction, the auxiliary
null vector field k¢ is affinely parametrized and hypersur-
face orthogonal. In our case, however, we foliate the
spacetime in the vicinity of the generic null surface H
by a family or stack of null hypersurfaces. Then, allowing
for the 3 + 1 induced foliation of the family of the null
surfaces, we derive exactly the same structural thermody-
namic identity in a completely coordinate independent
fashion. The reason as to why we are able to achieve this
covariantly is mentioned in Sec. II once we introduce the
construction of the null foliated spacetime. Our construc-
tion does not require k“ to be affinely parametrized and
hypersurface orthogonal. Another difference in our
approach from that adopted in earlier ones is that our
starting point is the NRC equation for k£, whereas no such
equation has been explicitly used in these works. It may be
pointed out that the work function (or pressure) in
[13,31,41] has constantly been defined as P = —Tabl“kh,
i.e., owing entirely from the matter energy tensor. The
entropy density has then been defined as the Bekenstein-
Hawking entropy density for the Einstein-Hilbert case [13]
and as the Wald entropy density for the Lanczos-Lovelock
models [31]. However, in our interpretation, we have
identified what we call the geometrical work function
(or geometrical pressure), entirely from geometrical quan-
tities. In analogy to the entanglement entropy, we call our
identified entropy density the “entanglement entropy
density” since it depends on the geometry of the relevant
surface. Under the umbrella of such an interpretation, we
have aimed to provide the thermodynamic identification
independent of any theory of gravity.

For the reader, we summarize the structural and inter-
pretational difference between the approach in [13,31]
and ours.

(i) The thermodynamic identity in [13,31] is brought
through the GNC construction while ours is brought
about through a 3 + 1 foliation of the null fam-

(i) The expression of the energy in the GNC is solely
adapted to these coordinates. On the contrary ours is
in a covariant form and hence can be applied to any
structure of the null surface.

(iii) In [13,31], the pressure or work function has been
consistently defined with respect to the matter
energy tensor P = —T,, 1", while we define a
so-called geometrical work function.

(iv) The entropy density in [13] is the Bekenstein-
Hawking entropy density, while in [31] it is the
Wald entropy density for the Lanczos-Lovelock
models. For our interpretation, the entropy density
is consistently the entanglement entropy density
irrespective of the theory of gravity.

Finally we shall conclude in Sec. V. We use the
appendixes to show that the covariant expression of the
energy we derive entirely matches with the expression of
the energy obtained via the GNC system in [13] for the
Einstein-Hilbert case. There we also provide outlines of
derivations for expressions used in the text.

Before proceeding ahead, we state that throughout the
paper we have the metric signature (—, +, +, +). We use
units where 7 and c are set to unity. The lowercase latin
indices a, b, .... represent the bulk spacetime indices and
run from O to 3. The greek symbol y runs from 1 to 3 and
represents the spatial coordinates on a spacelike hypersur-
face. The transverse coordinates in the spacelike subspace
S, orthogonal to [* and k* are represented by the upper case
latin indices A, B, ... and run from 2 to 3.

I1. BRIEF OVERVIEW OF OUR
GEOMETRICAL CONSTRUCTION
AND COMPARISON WITH GNC

In this section we briefly mention the geometrical setup
of the arena where we aim to find the thermodynamical
connections. All our analysis will be focused on a generic
null hypersurface H in the spacetime manifold (M, g) and
we aim to establish thermodynamical laws with respect
to this null surface. For details of the construction, we
refer the reader to [16] and hence we provide a brief
overview here.

Our generic null hypersurface is submanifold in the
spacetime such that the induced metric ¢q,, of H is
degenerate. The null surface can be defined by the constant
value of a scalar field @ such that the normal one-form to
the hypersurface H is defined as

l, =e’V, 0, (1)

with p being a scalar function on the null surface. This
entails the Frobenius identity and hence is hypersurface
orthogonal to H. The null generators [/ of this hypersurface
satisfy the geodesic equation,

1V,1% = kl°, (2)

where « is the nonaffinity parameter and therefore these are
not affinely parametrized.

Now we add structure to the null hypersurface H by the
auxiliary null foliation in its neighborhood. The aim of this
construction is geared to the fact that we want /, to be
defined not just only on H, but also in its open neighbor-
hood [in (M, g)]. This allows us to define the covariant
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derivative of /, in the entire spacetime, which would not
have been the case had we been restricted only on H. The
construction proceeds by foliating the spacetime in the
neighborhood of H, by a family of null hypersurfaces
parametrized by different (constant) values of the scalar
field @. Thus the family of the null hypersurfaces foliating
the spacetime is denoted by Hg. Our generic null hyper-
surface ‘H is then nothing, but a particular member of this
set, say Hq—;. Then (1) stays valid even in this construction
of a family of null hypersurfaces. Therefore, it “extends”
the domain of scalar field p from the null surface H to its
open neighborhood where the foliation takes place. One
important caveat of such a construction is that even though
such a foliation H, is nonunique, all geometrical quantities
are independent of the foliation. That is to say, once a
geometrical quantity has been evaluated at H, it remains the
same no matter what construction is chosen for Hg to
foliate the open neighborhood of H.

In order to define the projector onto the null surface we
require an auxiliary null vector k¢ satisfying [“k, = —1 and
k%k, = 0. However, the auxiliary null field £ satisfying the
above two conditions is not uniquely defined. We then
proceed to foliate the null hypersurface H (or the family
Hge) by spacelike slices in the spirit of 3 4 1 splitting.
We consider a family of ¢ = constant spacelike hyper-
surfaces X, (parametrized by r € R) that intersect the
family Hgq on two-dimensional spacelike hypersurfaces
S, 1.€., S;.9 == He N Z,. Then for our concerned hyper-
surface H, S, surfaces are precisely S, = S, o—; = H N Z,.
Now, out of the family of the nonunique null auxiliary field
k*, we choose the one that is orthogonal to the surface S,
and hence satisfies the conditions k%k, = 0, k“l, = —1 and
k,e*s = 0. Here, {e9,} refers to the basis of the tangent
space 7 ,(S,) established on (S,,q). Hence, in our con-
struction we have the vector fields /* and k“ orthogonal to
T,(8,).ie., g, = 0and k"q,, = 0. We now mention the
structural differences between the above construction and
the GNC adapted (to H) system (a detailed discussion on
the construction of GNC can be followed from [32-35]).
This discussion is important in order to identify the
underlying constructional difference in the thermodynamic
interpretation from the earlier attempts which rely on the
structure of GNC. In this construction with the coordinates
(u, r,x"), the generic null hypersurface is stationed at
r = 0. The null normal to the hypersurface H is defined as
the gradient of the r = constant surfaces, i.e., [, = d,r and
are nonaffinely parametrized satisfying (2). The auxiliary
null vector field £“ in the GNC is by construction chosen to
be along affinely parametrized null geodesics. That is, we
move away from the null surface stationed at r = 0 along
the ingoing null geodesic of k“. In the GNC, the auxiliary
null vector field k* = —(9/Jr)* has the affine parameter r
and points along the direction of decreasing r (ingoing). It
can also be seen that the null geodesic k, is hypersurface
orthogonal to the u = constant surfaces, i.e., k, = —0,u.

Hence, we see that the coordinates adapted to the null
surface H at r = 0 are (u, x*). As a result of this adapted
coordinatization (u, r,x) of (M, g) in the vicinity of H,
the thermodynamic interpretation of R ,,[“k” comes explic-
itly as GNC dependent. However, in the construction of the
null foliated spacetime introduced above, provided with a
3+ 1 foliation, we do not impose any coordinatization.
That is, we just demand that the neighborhood of Hg,_; is
null foliated by a family of hypersurfaces Hg,—.. This null
foliated spacetime is then foliated by # = constant spacelike
surfaces. That is all that we require for providing R,,[1”
and R,;,[*k” with a thermodynamic interpretation. This is
because, as we have mentioned earlier, even though the
foliation is nonunique, all geometrical quantities relevant to
‘H are independent of the foliation chosen. In fact, if we
want, we can “adapt” a coordinate system with respect to
‘H. A very famous example would be a coordinate system
that is “stationary with respect to the null hypersurface H”
[16]. For example, associated with the spacelike foliation of
(M, g) via t = constant surfaces, we can consider a 3 + 1
coordinate system (x* = (z,x*)). Here ¢ is the coordinate
associated with the time development vector * = (%)“ =
(1,0,0,0) and x* are the spacelike coordinates on the
t = constant slice. #“ can be expressed in terms of the lapse
function N and the shift vector b* as

9 = Nn® + b, (3)

where n“ is the timelike unit normal to X,. The time
development vector basically connects neighboring slices
of X, and X, ;; with the same spatial coordinates. If, in this
coordinate system (x“), the equation of H does not depend
on the coordinate ¢ and only involves the spatial coordinates
x*, then (x%) is a coordinate system that is stationary with
respect to H. This implies that there exists a scalar function
w(x',x*,x) such that say w(x!,x2,x*) =1 defines H.
This means that the location of the 2-surface S, is fixed
on the ¢ = constant surface [X, with the coordinates
x# = (x',x2, x*)]. It can then be shown [16] that for such
a stationary coordinate system x* = (z,x*) adapted to H,
we have

ol 4 ya (4)

where (4) is valid only on the null hypersurface. V¢ then
represents the surface velocity of H with respect to these
adapted stationary coordinates. Had we proceeded with
finding the physical interpretations of R/l and R ,,I%k”
with respect to such an adapted coordinate system, then our
expressions would turn out to be coordinate dependent. Just
like in GNC construction, the generic null surface r = 0 is
intersected by the u = constant null surfaces. However
these scalar functions are themselves adapted to define the
coordinate system in the neighborhood of H. Adapting any
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coordinate system with respect to  would defeat our
purpose of providing the interpretations covariantly. We
will show in our computations that nowhere do we require
the information of the lapse function N and the shift vector
b® associated with the 3 + 1 foliation. Nor do we, as
advertised, require the need of a coordinate system adapted
to H. In fact, anticipating one step further, whatever physical
interpretation we covariantly attest to R,,/I® and R,,[%k"
should in fact be independent of our null foliated construc-
tion itself (since it is nonunique). The interpretation ought to
be specific only to the null hypersurface H.

In our construction, the auxiliary null vector field need
not be along null geodesics as well as hypersurface
orthogonal. The auxiliary null vector field in our case
is by construction an ingoing normal to the spacelike
2-surfaces S, and hence extends out into the open neigh-
borhood of ‘H. It can be shown (see [16] for details) that k,
satisfies the following relation:

-t~ 1 o (n(2) - () 1]
(5)

where M = % The relation (5) shows that k“ is not
hypersurface orthogonal (as on the rhs [, appears).
Hence, k% is not the generator of any null hypersurface
or in other words, the hyperplane normal to k% is not
integrable into a smooth submanifold surface. It can also be
shown (see [16]) that

. 1 N
kiVik, = ——TI',0;In( — 6
rra 2N2 (lal n(M)’ ( )

where IT', = &', + k'l, is the projection tensor onto H
along k;. The relation (6) essentially shows that the auxiliary
null vector field k* does not satisfy the geodesic equation.

After mentioning the constructional difference we are
now aiming to our main goal. This will require several
relevant quantities, which we shall list below. The detailed
geometric interpretation of them are provided in [16]. The
projection tensor onto S, is

9ab = Yab + lakb + kalb' (7)

The second fundamental form ©®,, of the null surface H
and its irreducible decomposition in terms the expansion
scalar 0 ;) and the traceless shear tensor o, corresponding
to [ are

1 , 1
O, = quaqkbfl%'k = (Vil)q'ad"s = Eqabe(l) + Oap-

(8)

The rotation one-form w,, satisfies the following relation:

a)alb = valb - ®ab + la(kivilb)' (9)

The Hajicek 1-form Q, is basically the projection of the
rotation one-form onto S, and is given by

Qa = qiawi =w, + Kka' (10)

The transversal deformation rate tensor 2, of S, projected
on to the tangent plane of (S;, q) along the auxiliary null
vector field k and its irreducible decomposition into
the traceless part (6)) and the shear tensor (o) ) are
given by

IS T o 1
Sabp = quaqjhfkql'j =q'.q',)Vik; = Eqbzha(k) + 0w,
(11)

The covariant derivative defined on (S,, ¢) for any spatial
vector v, confined to it is

2Davb = qiaqkhvivk' (12)

The Ricci tensor corresponding to the 2-surface spacelike
manifold (S,, g) is designated by R, and its correspond-
ing Ricci scalar as 2R = g“*°R,,.

III. R, °I’: A THERMODYNAMIC IDENTITY?

The quantity R,,I%l" is best represented by the NRC
equation for the null vector /. Usually, the NRC equation is
being used to explore the thermodynamical behavior of
black hole horizon. Both for proving the area increase
theorem as well as finding the first law of black hole
mechanics, this plays a central role. It must be noted that in
all these analyses, the NRC equation came in the middle of
the calculation and always applied for the Killing vector,
which is null on the horizon. For instance, see the
discussion around Eq. (8.168) to Eq. (8.173) of [42].
Moreover, in Jacobson’s analysis [20] this has been used
to derive the Einstein’s equation of motion from the
Clausius relation. Therefore, apparently the NRC equation
has an inherent thermodynamical structure on the horizon.
It is not explicitly mentioned in literature, but the way it has
been used one can immediately identify this property. In all
these earlier analyses, the expressions for thermodynamical
entities are taken as input at the very beginning and then
finally the NRC equation is used to obtain the required
conclusion. Also, as we mentioned earlier, this is strictly
confined to the Killing case (or asymptotically Killing).

Here we shall take the “opposite” route. We will begin
with the NRC equation for an arbitrary null vector [ (say),
not necessarily a Killing one. Interestingly, the integration
of this on the two-dimensional subspace on which [* is
normal leads to first law of thermodynamics-like structure.
This analysis has some noticeable features. First of all, this
is valid for any arbitrary null surface and so the results are
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valid beyond the Killing vector field. Second, a more
general expression of gravitational energy can be obtained.
Finally, this thermodynamic structure is the property of the
null surface, instead of being related to any associated
gravitational theory.

Let us now start our calculation. The NRC equation for
[* is given by [16,19]

1
e — K‘H(l) - 59%” - Gabﬁab - Rablalb, (13)

where [“, satisfying (2), is parametrized by the nonaffine
parameter A, i.e., [ = dx“/dA ;. We now make a virtual
displacement of the null hypersurface along its own
generators by an amount 64(;. Multiplying both sides of

Eq. (13) by the transverse elementary area dA = ﬂdzx of

S; and 64 and then integrating dA one only finds
5/1([) / dAK@([)
S
doy) %
= 6A / dA[ + D4 6,67 + Rylal | (14)
() Oab ab
digp 2
Now since we know that
1d
g(l) = _ﬁ , (1 5)
Vv diq)

the term on the lhs of (14) can be expressed as follows:

d (1
- A 2 —
871'G5/1< /,d N /dx oA d/1 < ﬂ)
:/dszé,W)s. (16)
S

In the above we introduced a factor 1/(8zG). Here we have
identified 7' = 5- as the temperature of the null surface and
is hence related to the nonaffinity parameter x of the null
generators of the null hypersurface . We here also identify

s = ‘/_ as the entropy density of the null surface. This, in
analogy to entanglement entropy, we may interpret as
entanglement entropy density (more will be discussed on
this analogy in the next section). In the same way,
multiplying the rhs of (14) by the numerical factor
(1/87G), the resultant equation can be interpreted as the
following thermodynamic identity:

/S: JZXT5/1(1)S = 5/1([)E, (17)

where E is the energy associated to the null surface,
given by

92
) () ab ajb
E= dA — R, 141
871'G/ / [dﬂ)+2+66 + Ry

(18)

Note that in the whole analysis, we never used Einstein’s
equations of motion and so the result is very generic to any
null surface. The virtual displacement 84, is consistent
with any physical process that virtually displaces the 2-
surface S, along the null generators itself, say, from
positions 4 = 0 to Ay = 8.

We can however provide an alternative interpretation to
the NRC equation (13) under the process of the virtual
displacement 64;). We first multiply both sides of Eq. (13)
by the transverse area element of the 2-surface S, together
with a multiplicative factor of gl=, i.e., gz dA = gle \/qd*x
and the virtual displacement 6/1() We then integrate the
resulting equation over S,

—5/1

e / dzx\/_KH

[ nia(- % ouee)

+L51< /dzx\/_ %+92 + R, (19)
87G s, digy

=0
87G

Following Eq. (16), the lhs can be identified as

A0
87G

/ d*x\/qx0,, / d®xTé8yps,  (20)
Si

where s = ‘/_ G 1s the entropy density of the null hypersurface

and will be 1dent1fled as the entanglement entropy density.

Looking at the first term of the rhs of (19), we find the

integrand contains the well-known dissipation term D

corresponding to the null hypersurface,

D=0,0%— 9%,) = —%% + 6,,06%. (21)
The identification of the dissipation term basically comes
from the R,,[%q"”, component, which results in the DNS
equation. The physical interpretation of this viscous dis-
sipation term and its observer dependence has been
explored in [17]. Finally, if we identify the variation of
the energy under the 64, virtual displacement as

6/1([)E - —51

/d2 il +92 + R, 100
82G M0 J VA7, ab

(22)

we can then identify (19) as
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1
/ d2xT5,1<,)s = —5/1([)/ dzx\/aD + 5,1(1)E. (23)
S, 87G S,

The first term on the rhs of (23) is identified as the heat
generation part under the virtual displacement 64, process
due to irreversible viscous dissipation effects of the null
surface H,

1
61 Quis :%5/1(1)A C{Zx\/ap. (24)

A very interesting feature of this dissipation term D is that it
comprises of entirely geometrical quantities. Hence, it can
be thought that the dissipative sector of the heat generation
basically arises due to gravitational energy fluxes through
the null surface. A similar interpretation was previously
put forth in [22]. The authors of [22] show via an analogy
between the horizon null congruence and a continuous
medium that the dissipative heat generation is purely due
to gravitational effects. Our expression of the internal heat
production (24) for nonaffine generators [ matches with
Eq. (47) of [22] for a nonaffine Killing vector field
approximately generating the Killing horizon, provided
we set 6(1) to zero in our case. The authors in [22] con-
structed a local Rindler wedge in the neighborhood of a
spacetime point P. The Rindler horizon is approximately
generated by the Killing vector field £&* which satisfies
&V ,E0 = k&b, The Killing vector field is tangent to the
affinely parametrized null congruence [“ of the Rindler
horizon. The viscous dissipative part of the heat generation
term or uncompensated heat in Eq. (47) of [22] contains the
norm ||6||, where 6, is the shear tensor corresponding to
the Killing congruence. However in our construction, the
arbitrary null surface is generated by the nonaffinely
parametrized [ field and hence all geometric quantities
in our expression (24) of the dissipative heat generation
pertains to the [* congruence itself. Under such an
identification, we have from Eq. (23),

A d*xT 835 = 8,1y Qais + 811 E- (25)

We now carry over this analysis to the special case of a
stationary black hole system, for example, the Kerr
spacetime. In that case, the nonaffinity parameter x is
independent of the transverse coordinates {x*} and hence
can be taken outside the integral in Eq. (16). This allows us
to interpret Eq. (17) in the more familiar form of the
thermodynamic identity (first law of thermodynamics),

To)1)S = S30)E, (26)

where S = % is the entropy of the null hypersurface and
hence proportional to its area A. Let us now investigate the
expression (18) of the energy E for the stationary black hole

case. In this case, H is the event horizon of the black hole
and [ is the timelike Killing vector which is null on H.
Therefore, we denote [ as [ =& = (1,0,0,Qp) where
Qp is the angular velocity of the black hole. Then, the first
term on the rhs of (18) can be evaluated as follows.
Integration over 1 yields [y dA9(1)|jE:§j and since the
value of 6, vanishes at the stationary point on horizon
S,, this term will not contribute. In this case, for the
“quasistatic physical process” the next two terms of
the rhs can be neglected on S, compared to the other
terms (known as equilibrium or near-equilibrium situation
[43,44]). Therefore the energy expression (18), for this
special case reduces to

1
E=—
8rG

dig) ﬁ dAR ,,EEP. (27)
Also analogously we investigate the second alternative
interpretation provided via Eq. (25), through the introduc-
tion of the viscous dissipative part of the heat generation
under the quasistatic physical process for the stationary
black hole system. This process actually displaces the
2-surface S, initially at A;) =0 (say) to the position
Ay = 6Aq). However, for the stationary black hole case,
the virtual displacement is through a quasiequilibrium
process. That is, initially the 2-surface S, is at equilibrium
at A = 0 and then via a quasistatic process it is displaced
to the stationary equilibrium state at 4y = 64(;). As a result
of this quasistatic virtual displacement process, the dis-
sipative heat generation J;;) Qg 1s basically zero. Under
such a process for the stationary black hole, we hence
have (26). The energy expression for the stationary black
hole case in this alternative interpretation still remains the
same and is given by (27).

This expression of the energy (27) is known to be
proportional to the Komar expression for a conserved
quantity (see [19] for details on Komar conserved quantity),
calculated on the horizon. The volume element on H is
dz® = —E*d} ;) dA. Also, we can express R,,E” as R,,E” =
[vh’vu]éb = (l/z)vb(vugh - vbéu) = (1/2)vh'lahs where
in the last step the Killing equation V&, + V,&, = 0 has
been used. Note that J,, can be identified as the Noether
potential for Einstein gravity. Using all these in (27) one
obtains

1 1
E=- dz,V,Job = — dz,,Jev. (28
162G /H a’h 322G 7§ ab (28)

In the last equality, the Stoke’s law for integration has been
applied. Now the Komar conserved quantity is defined
as [19]

1
Er = — 74 axeyj .. 29
K 167G Js, ab (29)
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which for the Killing vector corresponding to time trans-
national symmetry, gives the mass term My at the horizon
while that for the Killing vector corresponding to azimuthal
symmetry leads to —2QyJy where Jy is the angular
momentum at §,. Therefore (29), for a stationary black
hole, like the Kerr metric, yields Ex = My —2QuJy.
Comparison of (28) and (29) yields E = (1/2)Ek.

Next we can integrate Eq. (26) over 4(;. Since for
stationary background [* = &% and &V k = 0, we have

dr

= 50V, T =0, (30)

ST = 8
) V)

Therefore integration of (26) yields £ =TS and since
= (1/2)Eg, in terms of the Komar conserved quantity on
horizon, one finds

Eg =2TS. (31)

This has already been shown in the literature [37—40], that
it is the general form of the famous Smarr formula [36] (for
a particular dynamical black hole, similar relations have
also been achieved [45]). For instance, in the case of Kerr,
the above leads to our well-known Smarr expression
My =2QuJ 5 + (kA/47G). This shows that the integrated
form of the NRC equation on the stationary horizon along
the Killing vector is the Smarr relation.

IV. R, I°k?, FAVORABLE CANDIDATE FOR
THERMODYNAMIC INTERPRETATION:
A COVARIANT APPROACH

We are now in a position to hit the better candidate
among the different projections of R, i.e., R,,1°k" (the
logic for better choice has been discussed in [13]), which
serves as a thermodynamic identity. The approach will be
similar to the earlier section and hence the outcome will be
covariant in nature. We start with the following evolution
equation of the transversal deformation rate tensor E,,
along the null generators [ of the hypersurface H:

(*D&y, + "Dy Q) + Q) —

L 90\ =
anquij_ K+ —= 5 ) Zab

_ 1
qZQ2£I:t/ = 22Rab

1
2
+

0 ) .
- %G)ab =+ ®aiE‘;7 + EaiGZ' (32)

The detailed derivation of this is given in [16]. Taking trace
on both sides we obtain the following identity:

; 1
—KO) = <—2Daga —Q, Q"+ 00 + I'V,0) + §2R>

U |
- <R,~jl’k~’ +2R>. (33)

See Appendix A for the derivation of this.

Similar to the NRC for /4, Eq. (33) can be interpreted as
the evaluation equation for ;) along /. Another point to
be noted is that one can write [V ,0) = k*V ,0,;) and then
this provides the directional derivative of 6, along k“. This
has been sketched in Appendix D. Below we shall show,
taking inspiration from the earlier section, that the NRC
equation (33) via the virtual displacement along k“ can also
be provided with an interpretation as a thermodynamic
relation on the 2-surface, without explicitly invoking the
underlying dynamical equation for gravity.

The auxiliary null vector field k' is parametrized as
k' = —(dx'/dAyy), where Ay is the parameter along the k'
field. Note that a negative sign is chosen here in the
parametrization. The reason is as follows. Usually the null
vector [ is chosen to be outgoing and so x increases along
this direction. Whereas the auxiliary vector k¢ is regarded
as the ingoing one and hence x“ decreases along this field.
Now here we are interested in the thermodynamic inter-
pretation of (33) when evaluated along k“. In this case, to
identify the relevant thermodynamic entities like entropy,
energy, etc. in their usual meaning it is required to define a
change of x“ along k¢ as positive one. Therefore, we have
the coordinate variation under the virtual displacement
OAk) as 6x* = —k“S4 (). The physical interpretation of this
displacement has been explained in [13] and we briefly
mention it here. Let us consider two null surfaces under
the null based foliation of the spacetime by the family Hg.
The null surfaces have to be the solutions to the specific
theory of gravity that we are considering implicitly. Let us
suppose that the null surfaces are stationed at 4(;) = 0 and
Ay = 6A()- The virtual displacement 64 is essentially a
process that lets us shift from one solution of the hyper-
surface to the other since k¢ is an ingoing vector. Then the
expansion of the congruence of the auxiliary null vector
field in terms of rate of area element of S, is given as

1 1
e(k) = l](v k; ) 2q £qu \/q‘fk\/zi
1 d
- 5 34
Jadig Va (34)

The details of this relation have been sketched in
Appendix C. Now we multiply both sides of (33) with
6/1( %) and the elemental area f d?>x on the 2-surface S,

along with an overall factor of ¢~
over the 2-surface yields

— S / Pxy /G~ I3 4G

1 .
=6 d? — |=2R4+k'V.0,, —Q, Q4 —2D, QA
) L x\/C_ISﬂG [2 +k'Vi0) —Q, A ]

. Then the integration

1 |
-0l d? — |R;;I'K +=R|. 35
(k>/S, x\/aSﬂ'G[ L +2 :| ( )
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The lhs of the above equation (35) can be rewritten in the
following form:

_ 2
/dzx—é/l d i\/c“] =/d2xT5 s, (36)
227 ™ djy \4G S, A=

where we associate the temperature 7' of the null surface S,
as being related to the nonaffinity parameter via 7 =
(k/2x). The entropy density s of the null surface is
identified to be s = (,/q/4G). We identify this entropy
density defined on the null hypersurface to be the entan-
glement entropy density. We will have more to say on the
nature of this entropy density shortly.

Now, focusing on the first term on the rhs of (35),
we identify it as the variation of the energy associated
with the null surface S, under the virtual displacement
5/1(](), i.e

1,
5<)E 5/1 /dzx\/_8G|: R

+ kY0 + 0y — Q0 — ZDAQA] . (37)

Performing an indefinite integration over 4 allows us to

have an expression for the energy associated with the
2-surface S,

1N
— [ ar | @xg— |22
/ ®) ﬂ Wiags [2

+KV,0() + 00 — Q,Q° — 2DAQA} . (38)

Before proceeding ahead, we note that the expression of
the energy as obtained in (38) is reminiscent of the
Hawking-Hayward energy definition [46,47]. Our aim here
is to show that the analogous null Raychaudhuri equation
for the auxiliary null vector field k£’ (33) has a thermody-
namic interpretation under the process of the virtual
displacement 4. That is, we proceed towards interpret-
ing (35) as a thermodynamic identity. To this end we have
identified the lhs of (35) as T6,()s integrated on the null
2-surface S, and the first term on the rhs of (35) as the
variation of the energy of the null surface under the virtual
displacement. The thermodynamic identity would be com-
plete if we are allowed to interpret the second term of (35)
as the virtual work done under the displacement of the null
surface S, by (). Allowing ourselves the liberty, we
identify the “geometric work function” associated with the
virtual displacement 54 ;) as P = —1/(87G)(R;;I'k/ +1R).
Following this, we have

1 o]
- — (Rl +=R
5ﬂ(k)£fdzx\/§8”(;< Ulk +2 >
S

where F is the integral of the work function over the
transverse space S; of the null surface and Fol is to be
interpreted as the virtual work done under 64 ). Combining
(36), (37), and (39), we see that (35) can be succinctly
formulated as

/ dsz(s,{(k)S = 5](1()E + F(Sﬂ(k). (40)
S

We recall that this interpretation holds for all the variations
that are consistent with the virtual displacement. That is, to
physically interpret this, let us say that our virtual displace-
ment is a “physical” process that virtually shifts our null
surface H from say A = 0 to Ay = 6A). Under such a
virtual variation process, energy flows through the null
surface H. The energy is given by &, E. The energy then

contributes to the heat energy |, s, d*xT$ (ks and the virtual
work done F64) under this virtual displacement process.
We further note that the expression of the energy (38) can

be rewritten as
/d/l /dzx\/_ k’VH

E=3 dll(< )
2D ], (41)

+ 6010y — Q, Q7 —

having noted that y represents the following integral over S,
(a two-dimensional manifold) defined as

1 2
=— R. 42
X 471A,dx\/52 (42)

If the transverse space S, of the null surface is compact then y
is precisely equal to the Euler characteristic of the S;; if not,
then y is defined via the integral (42). For example, if the
topology of H is R x S?, then S, is the compact surface S?
and hence y then represents the Euler characteristics of the
sphere.

Now, we restrict to the special case where the nonaffinity
parameter k and hence the temperature 7 associated with
the null surface S, is independent of the transverse co-
ordinates of S, (for example a stationary black hole
system). In that sense 7 can be taken outside the integral,
and then identifying the total change of the entropy S of the
null surface under the virtual displacement as &;;)S =

f 5, dzxé/l(k)s, we have further simplification of (40),
T5Mk>S = 51(/()E + Féﬂ(k). (43)

Before proceeding ahead towards showing the equiv-
alence of our approach with previous results and
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interpretations, let us mention the differences instead first.
We iterate that our analysis is independent of any gravi-
tational theory per se. For example, we have not invoked
the Einstein’s field equations or any other gravitational field
equation for that matter in our interpretation of the null
Raychaudhuri equation for k' as providing a thermody-
namic identity. This is in contrast to previous results, which
have been specifically formulated for explicit theories of
gravity [13,31,41]. This is precisely the reason as to why
we define a gravitational/geometric work function P =
—1/(87G)(R;;I'k/ + 1R) as opposed to P = =TIk as
is done in previous works [13,31,41] which identify the
work function or pressure entirely in terms of the matter
energy momentum tensor. This also reveals why, irrespec-
tive of any gravitational theory, we have identified the
entropy density of the null hypersurface under the virtual
displacement process to be the entanglement entropy
density. The observer under such a virtual displacement
process is the null observer moving along the integral
curves of the null generators /. We assume that our generic
null hypersurface H actually partitions the spacetime into
timelike and spacelike regions. Then the quantum fields
living in spatial slices on both these two sides can be
entangled. The degrees of freedom (d.o.f.) of the quantum
fields in the spacelike acausal region is not accessible to a
timelike observer in the timelike causal region. The time-
like observer then calculates the reduced density matrix by
tracing out the d.o.f. of the quantum fields on the acausal
side. The entanglement entropy is then defined as the von
Nuemann entropy of this reduced density matrix. By
introducing a momentum cutoff, the entanglement entropy
is shown to be proportional to the area of the null surface H.
Since the entropy density introduced in our case is propor-
tional to /g, with an analogy to entanglement entropy, we
propose that this is the entanglement entropy density as
measured by the null observer, moving along [“. In this
regard we mention that a similar concept has been taken by
Jacobson [20,21,26] at the very beginning of his analysis in
order to obtain the Einstein’s equation by extremizing the
entropy of the Rindler horizon as well as for a causal
diamond.

Let us mention again, that in our analysis leading
towards the thermodynamic interpretation (under the vir-
tual displacement 64()), (40) is independent of any
coordinate system as opposed to [13,31], which produces
the equivalent thermodynamic identity, but under the null
adapted GNC coordinates. A specific requirement under
the GNC system is the fact that there is only one null
hypersurface stationed at the position r = 0. This null
hypersurface partitions the spacetime between timelike and
spacelike regions. However, in our case, we have foliated
the spacetime in the neighborhood of H by a family of
null hypersurfaces Hg and have focused on producing
the thermodynamic identity on any one of them, say
He—1 = H. A specific advantage of such a foliation is

that all the relevant geometrical quantities that can be
defined on the null surface (for example expansion
scalar, second fundamental form, etc.) are independent
of the foliation. Another requirement specific to the GNC
analysis is that the auxiliary null vector field is affinely
parametrized, i.e., k, = —J,u or in other words k“ is
hypersurface orthogonal to u = constant surfaces. This,
we believe is a certain restriction on the analysis. We can
however do away with such a restriction. Under the system
of the foliation of spacetime introduced in Sec. II, we do not
require k“ to be affinely parametrized and hypersurface
orthogonal. In fact, under this general structure, the hyper-
plane normal to k“ cannot be integrated into some inte-
grable surface. As a result of such a null foliation of the
spacetime in the vicinity of H, our interpretation of the
energy and the work function pertain entirely to geometric
quantities defined in the spacetime manifold. The way we
have made a distinction between the energy term and the
work function is to recognize that the energy expression
(38) contains terms that are defined on the null 2-surface S,
along with a term involving the directional derivative of
such quantities defined on S,. However, the work function
(39) contains terms that are defined for the entire spacetime
manifold. In doing so, we have obtained a covariant (but
foliation based) expression of the energy of the null surface.
Previous expositions [13,31] into the energy term under the
purview of providing a thermodynamic interpretation have,
however, come under the context of an adapted coordinate
system with respect to a fiduciary null surface, i.e., the
GNC construction. As a result, previous such descriptions
of the energy have been coordinate dependent.

As a mathematical curiosity, the above relation (33) can
also be derived in an alternative method following [41]. In
[41], the thermodynamic identity analogous to Eq. (43) was
shown for static null horizons. We generalize the results to
any arbitrary null hypersurface via the use of the two
following relations. The first one relates the Ricci tensor
(*R,,) of the two-dimensional transverse Riemannian
manifold (S,, g) with the four-dimensional Riemann cur-
vature tensor of the spacetime (M, g), the second funda-
mental form O, of the null hypersurface H, and the
transversal deformation rate =, (see [16]),

Rap = 44'9.7 4R ji = BBy — O upbty
+ ®acEcb + E‘ac®cb' (44)

Taking the trace of the above equation, we obtain
2R = qiqukRCjki - 29(1)0(]{) + 2®ab5ab. (45)

Using the definition of the orthogonal projection tensor
onto the 2-surface S, as ¢** = g* + 1°kP + k“I®, we have

qiqukRL‘jki = R + 4lellk] + 2Rabcdlakbkcld. (46)
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Similarly, using the irreducible decomposition of both the
second fundamental form of H and the traversal deforma-
tion tensor of the 2-surface §,, i.e., ®,, = %9@%17 + 04

and B, = 30 qap + O(k)ap W get

2®abEab = 9(1)9(k) + ZGabdt(ll?). (47)
Upon using Egs. (46) and (47) in Egs. (45), we obtain, as a
result,

R =R — 4RIk = 2R ypeql*kP k1

+ 9(1)9(1{) - 26ab5?1f)' (48)

The second relation that will be put to use is

Rapeal®KPkC 1" = 2D, Q0 + Q,Q — k0 — 'V, 0,

1
- 59(1)9(]() — GabGEl]?) - Rahlukb. (49)
A detailed derivation of the above result is provided in
Appendix B. In fact the relation (49) can be regarded as a
generalization to Eq. (5) of [41] (which is valid only for
static null horizons) to any arbitrary null surface. Now
simply the use of Eq. (49) in Eq. (48) leads us to Eq. (33).
Let us conclude this section by mentioning that in
Appendix E, we show the equivalence of the energy term
38)) and the gravitational/geometric work function term
with those obtained in [13] via the GNC construction under
the purview of Einstein gravity.

V. CONCLUSION

In the present work, we have investigated whether the
components R, 1“1’ and R ,;,[*k? can be provided with any
physical interpretation in a covariant fashion. Our starting
point in both the cases have been the NRC equation (for /¢
and k“ fields), which is a covariantly formulated geomet-
rical relationship involving the evolution of a particular
geometrical quantity with either R,,1“I” or R,,I°k”.

For R,,I%l’, we started with the NRC for the null
generators [“ (13), and then provided a virtual displace-
ment 64(). We then integrated the resulting equation
onto the transverse spacelike 2-surface S, and obtained
relevant thermodynamical structures, (17) and (25). We
have provided two alternative interpretations of the result-
ing thermodynamic identity. In the first interpretation (17),
we recognized that, under the virtual displacement process
01, an amount of energy &, E sweeps across through the
null surface H. The expression of the energy is provided in
(18). This energy flow results in the heat exchanged as a
result of the entropy variation of the null surface. The
temperature of H is associated with the nonaffinity param-
eter x of the null generators and the entropy density is
proportional to /g of the area element of S,. In our second

interpretation (25), we have identified the energy variation
o) E and the irreversible heat &, Qg that flows (as a
result of the virtual displacement process) across through
the null surface H. These quantities are given by (22) and
(24), respectively. This results in the heat energy generation
(20) due to the variation of the entropy density of the null
surface identified as &,)s, where s is again proportional
to /q of the area element of §;,. The irreversible heat
generation (24) is due to the viscous dissipative effects
present in the null surface. We also identified that this
dissipative heat generation must be entirely due to geo-
metric fluxes since the dissipation term contains only
geometrical quantities established on H. Finally, we
showed for the explicit case of a stationary black hole
system that the integrated form of the NRC (for /*) over the
virtual displacement produces the generalized Smarr for-
mula (31). We also showed that the energy term (in both
our interpretations) is proportional to the Komar energy
term (28) for this special case.

Next we focused on the more relevant component
R,,1°k" for providing the thermodynamical interpretation
in a covariant fashion. In literature, previous works
[13,27,28] had solidified the fact that R,,[*k” can provide
a thermodynamical relationship which is structurally quite
similar to the first law of thermodynamics. However, they
had been proposed in an adapted coordinate system called
the GNC system. This results in the expression of the
energy being dependent on the GNC coordinates. Here, we
have tried to show whether a similar interpretation can be
provided without the need of adapting any coordinate
system with respect to the null surface. In our approach,
we started out with the NRC equation (for k¢ field) (33) and
provided a virtual displacement 64(;). We then integrated
the resulting equation over the 2-surface S;. This procedure
allowed us to obtain our required thermodynamic inter-
pretation in a covariant fashion. However, our proposed
interpretation does have major differences with the pre-
vious approaches. We have not invoked in our analysis any
specific gravitational field equations and hence proposed
that our interpretation is not specific to any particular
theory of gravity. This required us to propose that the
entropy density of the null surface is actually the entangle-
ment entropy density assigned to H by a null observer
moving along the integral curves of the null generators [¢.
This is because in our case the entropy density is actually
proportional to /g of our area element on the 2-surface S,.
The temperature is again found to be proportional to the
nonaffinity parameter x associated with the null gen-
erators [“. To have a consistent thermodynamic interpre-
tation irrespective of any particular theory of gravity we
have defined a so-called geometric pressure P = —1/
(87G)(R;;I'k/ + L R). This is in contrast with the earlier
methods defining the pressure entirely through the matter
energy tensor. Moreover, the identified energy here is in
covariant form and so can be applied to any metric adapted
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to the null surface. This added advantage of our formalism
must be very useful for further progress of this field.

In this present work we have considered only a
Riemannian manifold with the Levi-Civita connection;
i.e., our spacetime geometry has no torsion. An interesting
perspective to look at is to see if analogous physical/
thermodynamic interpretations can be provided to R/,
R,y 1Kk, and R,,1%q"., where R,, is the Ricci tensor
corresponding to spacetimes with torsion. The idea of
Jacobson of deriving the gravitational field equations from
a local constitutive relation [20] has been extended to the
case of spacetimes with torsion in [23]. The equilibrium
Clausius relation has been replaced by the entropy balance
law to incorporate the internal irreversible entropy gen-
eration term. The authors of [23] obtain the Einstein-
Cartan-Kibble-Sciama gravitational field equations under
such a procedure and identify the corresponding internal
entropy generation term. It would be a fruitful exercise to
carry out our procedure of taking the NRC for /¢ along with
the virtual displacement 64, for the case of spacetimes
with torsion and provide an analogous thermodynamic
interpretation. However, the terms like energy and dis-
sipation need to be properly understood in this context.
Similarly, it would be quite instructive to work out the NRC
corresponding to the auxiliary null vector field k¥ under the
inclusion of torsion. The corresponding attachment of a
thermodynamic interpretation under a virtual displacement
0A) needs to be analyzed carefully by understanding
the nature of the energy and geometric work function.
Similarly seeing what modifications arise to the DNS
equation under the consideration of R,,[%g”. is quite
interesting. We certainly aim towards such directions and
hope to report it in future.

Finally, we feel that the present results are very generic to
any null surface as the underlying dynamics of background
has not been explicitly used. Instead the construction is
purely based on the geometrical properties of the aforesaid
surface. We hope that this new foray into the well-known
study of the thermodynamical structure of a generic null
hypersurface via our covariant approach will help to shed
some light on it.

APPENDIX A: DERIVATION OF EQ. (33)

Upon taking the trace on both sides of Eq. (32), let
us now concentrate on the lhs first. The irreducible
decomposition of the transversal deformation rate tensor
is given by

_ 1
Sab = 5 qafx) + o), (A1)

where 0 is the trace part and o is the traceless
symmetric part. Therefore, the trace of the lhs of (32) can be
expressed as

qijfl.Eij = Q(I)Q(k) + £19(k) + qijfld(k)ij. (AZ)

Focusing on the term "/ £,6(;, in (A2), and using the fact
that

valh = ®ah + a)alb - la(kivilh)’ (A3)
and k), being orthogonal to I/, we have
9" £0w), = 20(4,,0”. (A4)

where ¢%? is the shear tensor associated with the null

generators [“ of the null hypersurface H. As a result the lhs
of the trace of Eq. (32) yields

qijflEij = 9(1)9(/() + liV,-H(k) + 26<k) o,

ab

(AS)

Having done this, we now focus on trace of the rhs of
Eq. (32). This is given by

1 I,
Q"+ QQ = 2R +54R;;

Ou 1 -
- (K + %) Q(k) — 59([)9@) + 2®ab:‘ab_

Upon using the irreducible decomposition of both ®,, =
(1/2)q a0 + 0,5, and E,;, [see Eq. (A1)] we obtain the rhs
of Eq. (32) as

5 1, 1 .

D, Q% +Q Q% — 3 R+ Eq”R,»j

— Ke(k) + 26ab0(a]?)' (A6)

Note that the term §¢"/R;; is equal to § R + R;;I'k/. Using
this, (A6) goes over to
, 1, 1 .
Daga =+ Qaga - E R + ER + Rl‘jllkj
— k0 + 20,11,0'?,?). (A7)

Finally, equating (A5) and (A7) we obtain the identity (33).

APPENDIX B: DERIVATION OF EQ. (49)

Before delving into the derivation, we note two relations
involving the covariant derivatives of the null normals [¢
and k“, which we are going to put to heavy usage,

valb = G()ab + walb - la(kivilb)’ (Bl)
and

vakb = E'azb - Qakb - kaa)b - la(kivikb)' (B2)
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We start with the Ricci identity for the null normals /¢
and k¢,

la(vavbkc) = la(vbvakc) - Rabfclakf' (BS)

We focus on the lhs of Eq. (B3). Upon using Eq. (B2), we
obtain

14(VaVipke) = 14(VaBpe) = (1°VoQp ) ke =, (1V k)
— (I°Vkp)we — ky (1°V 00,
= (V1) (K'Vik.) = 1,1V, (K'V k).
(B4)

Upon using the relations 1°V 1, = «l,,, I°V ,k;,, = w},, and
w, = Q, — kk,, we contract the above Eq. (B4) with k?I¢
to have

19V, V kKb Ie = —Q, QP + kiki (V,k,)

+ 119V, (KiV;k,). (BS)

We now focus on the first term of the rhs of Eq. (B3), i.e.,
1V, (V, k). Again upon using Eq. (B2), we have

lavb(vukc) = _Euv(vhla) + Qa(vbla)kc

— (I“V,,ka)a)c -+ Vba)c. (B6)

Contracting the above equation (B6) with k”/° and using
the fact that Q,/* =0, Q,k* = 0 and w,[* = k we obtain

14(V,V kYK 1E = —Q, (V,19)K> — kk14(V 1k, )
+ kblc(vba)c)
= 1% (V,Q,) — kI°K (V,k,)

R E(Vy0,). (B7)

We focus on the first term of the rhs of Eq. (B7), i.e.,
k" (V,Q,),

lakb(vbga) = (qab - gab - kalb)(vbga)

= q"(8,0:(Viy)) — (V,Q")

+PQY(V,k,). (BS)

Upon using the completeness relation 6 = g, — [,k* —
[“k;,, we have, after some simple algebra,
1°k"(V,Q,) = ¢**(*°D,Q,) — (V,Q%) + Q, Q4. (B9)

Putting Eq. (B9) into Eq. (B7), we obtain

I (vbvakc)kblc = qab (ZDan) - (VHQ“)
Q00— KIK(Vik,)

+ K1 (Vy0,). (B10)

We now contract the Ricci identity, i.e., Eq. (B3), on both
sides with k”[¢. Following this, we use the relations (B5)
and (B10) onto the contracted Ricci Identity to obtain

Rabcdlakhkcld = qub (ZDan) - (vaga)
+20,00 — 2Kk (V,k,)

+ K1 (Vyw,) — 169V, (KiK. (BI1)

The term —2xI°k'(V;k,.) can further be manipulated as

—2klK (Vike) = =2x(q*" = g = k1) (Vik,)

= —2k01) + 2&(V k). (B12)

Putting Eq. (B12) in Eq. (B11) we obtain, as a result,

Ropeal koK1 = 2D, QP — (V,Q9) 4 2Q,Q
— 2k04) + 2k(V k) + kP 1€(Vy,)

— 19V (K'V k). (B13)

Following this result, we focus on the last term on the rhs of
Eq. (B13), i.e., I°1°V,(k'V,k.) and manipulate it in the
following sense:

119V ,(k'V k) = @' (Vk.) + [€19k'V ,(V k..
Upon using Eq. (B2), we have

119V, (K'V;k,) = QQF — kI°(kiV;k,) + €19V (VK. ).
(B14)

We proceed to manipulate the last term on the rhs of
Eq. (B14) with the help of Eq. (B2),

1%’V ,(Vik,) = 1°(q" — g’ = I'k*)V ,(V;k,)
= qiclavaEic - laqicgi(vakc)
- laqic(vaki>wc - lava<vik[)

— Ik (V,0,). (B15)

Putting Eq. (B15) in Eq. (B14) we obtain, along with the
use of Eq. (B2),
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119V ,(k'V k) = Q;QF — KIC(kaka) + ¢“(1°V ,E;.)
_ 219 (Y, k,) — 19V, (V)
—I°k“(V,.w,)

= —Q,Q — ch(kfvfkc) + q(1°V ,E;.)
— 19V (Vik') = I°k*(V.@,). (B16)

Putting the value of €1V, (k'V,k.) from Eq. (B16) in
Eq. (B13), we obtain

Ropeal®kP k1 = 2DyQb — (V,Q) + 3Q,Q% — xlk (V,k,)
— g (I'VEyp) + 1V (ViK'
+ (Ik> + k<1P) (V. .@))
=D, Q¢ — (V, Q%) + 3Q,Q% — kl°k'(V;k,)
=g (I'VEyp) + 19V, (Vi)

+(q = g")(Vewy). (B17)

Expanding the above result and after a few lines of simple
manipulations we obtain

Rupeal®k?ke14 = 2D, Q0 — (V,Q9) + 3Q,Q¢ — kI°ki(V;k,)
ab(ll t’_‘ab) + qab(vawb)
— (VI (Vk%) — R, 19K, (B18)

—_

To this end, we focus at the —g**(I'V,;E,,)-term and using
the fact,

£Z0 = I'ViBap + Eui(Vpl') + Eiy (V1)
along with Eq. (B1), we have

_qab(liviaab) = _qabflE‘ab + 2E‘abgab
— —q“bflEab + 9(1)9(:’() + ZGabG(af). (Blg)
Upon using the irreducible decomposition of the trans-

versal deformation rate tensor =, it is fairly straightfor-
ward to show that,

abfl._ub = 9( )9( + ZGHbUab + I’V 9 (BZO)
Using Eq. (B20) in Eq. (B19), we obtain
—q** (I'V,E,p) = —1'V0) (B21)

Upon using Eq. (B21) and the relation —Kl"ki(VikC) =
—k0) + k(V,k) in Eq. (B18), we have as a result,

Rapeal kP10 = 2D, Q7 — (V, Q) +3Q,Q% — k0
+x(Vok®) = IV 4y + ¢ (V gy

— (V) (V%) = Ry 1°k". (B22)

Let us now take a look at the term (V,1')(V;k%). Using the
relations (B1) and (B2), it can manipulated quite simply
to be

(VoI))(Vik) =

0,5 + Q,Q0 — kV k + k" (V,0,).

(B23)
Looking at the last term on the rhs of Eq. (B23), i.e.,

1°k"(V,w,), we obtain the following in the process of
manipulation:

1K (Vyw,) = (¢* = g = 1K) (Vy,)

=q"(Vyo,) = (Vy0") + Q" (B24)
Equating Eq. (B24) in Eq. (B23), we have
(Vo) (Vik) = ¢ (Vy0,) = ©4E" +2Q,Q°
—k*V,x = (V,0”). (B25)

Looking at Eq. (B22), we manipulate the terms (V,Q4) —
k(V, k%) using the relation o, = Q, — kk,,
(VaQ) = &k(V k) = (V,0) +

(KV,x).  (B26)

To this end, we obtain, using Eq. (B26) and Eq. (B25),

= (Vo Q) + k(Vak?) + q* (Vowp) = (VoI') (Vik)
— —@ab;ah 20,0
= —59([)0( Uabd( k) ZQ Q4. (B27)

Finally, putting Eq. (B27) in Eq. (B22) we obtain our
desired result,

Rupeal“ kP k17 = 2D, Q7 + Q,Q% — k0 — 'V, 0y

1
—59(1)9( )~ abo-( ) bl kh

APPENDIX C: DERIVATION OF EQ. (34)
We have, by definition,

_ 1
Sab = B CIaCdefchd-

(C1)
Taking the trace of the above equation, and using the

irreducible decomposition of Z,,, i.e., 2 = 1/ 2q“b9

?,i’) we have
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1
Oy = 3 4 £1qap- (C2)

Using the definition of the projection tensor and the Lie
derivative, it is quite simple to show

L v (©)

Va

Now we show that 6y is actually equivalent to
/q- For that we note that the basis vectors ey

1 .
=59"£q;; =

Oy = q"(Vik;) >

\/'dll
are actually Lie transported along the k“ fields, i.e.,
£re?y = 0. As a result we can write

dvg _ 1 -~ g
g 2 Vi d/1

daB = 5 \/_C]AB (gabeaAebB)

_E\/anBkivi(gabeaAebB)- (C4)

Now using the fact that k'V;e?, = ¢'4,V;k%, we have

dyg_ 1

a€5Vik, + e’ e’ \V k)
dﬂ( %)

5 Vaq't (e
= _ﬁqab (vakb)'

Hence, the result of (34) follows.

APPENDIX D: DERIVATION OF I'V,0 ) =k'V,0

Here we sketch an outline of the proof of liVl-9<k) =
kivieu)

livlﬁ(k)

d 1 d
~di <_ Jqdi ﬁ)
0\ Vqdip

APPENDIX E: CONNECTION WITH
EXISTING RESULTS

In Sec. IV we landed ourselves with a covariant expres-
sion of the energy (38) of the null surface S, associated with
a virtual displacement 64, in the outgoing auxiliary null
direction. We now aim to compute this expression of the
energy in the GNC system. To this end, we mention that the
metric expressed in the GNC (u, r, x*) reads

ds®> = =2radu® + 2dudr — 2rfydudx* + q,pdx*dx®,
(E1)

where the six independent parameters (a,f4, qap) are
dependent on the coordinates (u,r,x*). The null hyper-
surface in this system is stationed at r = 0. The relevant
inverse metric as well as its Christoffel connection coef-
ficients have been calculated in [34]. The components of
the null normal and the auxiliary null normal in this
coordinate system are

l,=(0,1,0,0)  k,=(~1,0,0,0)

1= (1,2ra+r*f,rp*)  k*=(0,-1,0,0). (E2)
Before proceeding ahead, we now invoke the Einstein’s
field equations and note that the work function previously
defined as P = —1/(87G)(R;;I'k/ 4+ % R), when evaluated
on the null hypersurface r = 0, yields P = —1/(82G) x
(Ri;I' +LR) = (=T;l'k) = (=Tl;k;) = =T, l,k" =
T =T",=T, =T", In static spherically symmetric
spacetimes, 7", has the interpretation of being the radial or
the normal pressure [41,48]. Hence, the integral of the
work function F = fS, d?x,/qP in the static spherically
symmetric case is F= fS, d*x\/qP = fSr d?x,/qT",, which
is to be interpreted as the average normal force on S,.
We note that all the quantities in the integrand of the
expression of energy (38) are to be evaluated on the null
hypersurface, i.e., at r = 0. Looking at the term 0, we
obtain
Oy = 4*"Valp = =¢"* ). (E3)

The value of I,

1 1
Uip = _EaquB ) (rPf* 4 2ra)d,q.p
1
+ 2 r(*DaPp + *DpPa). (E4)

Evaluating ;) on the null hypersurface,

|
_ A _ A
0),., = 4T, = 54" Oudas

- i—, (Buy/@) = 0,(In /). (ES)

Computation of &’ V0, on the null hypersurface, with the
components of k' given in (E2), yields

V.6, imw;). (E6)

=05

Looking at the computation of 6;), we have
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9(k) = qabvakb = CIABFXB‘ (E7)

The value of I'}; is
hypersurface,

—%8,6] ap- Evaluating 6 on the null

1
— ,ABTUM o
Oy, o = a4 Thp _, = \/6_](8”/6)- (E8)

This allows us to have
. 1
000 ),, + K Viby),_, = —%fwu V4. (E9)

Next, noting that Q, = w, + kk,, we have Q,Q¢ = w0,
where @, refers to the rotation one-form defined in the
manifold. For the evaluation of w, = I'V,k,, with I' and k,
provided from (E2), we have

(E10)

As a consequence of this, we have w,0* = w,0”*. The
relevant quantities are

:_ﬂA+ ( rﬂA)__rﬁ ( rQAB)
o = € |3+ 31050 = 58 0nan)|- - (ELD)

An evaluation of Q,Q“ on the null hypersurface at r =0
yields

Qag\ar 0

CUACU = —ﬁAﬁA (E12)

Finally, we are left with the evaluation of ?D,Q" on the null
hypersurface. The calculations follow as

QA = ¢"Poy

= (304 370 =5 1P Oua) ) (1
ZDAQA:\;ZI,(?A {f( s+ ,,q 5(0,P5)
- % rqABﬁD(arQBD)>:| (E14)

5 " 11
A \r:O \/‘
In the GNC coordinates, the virtual displacement ox¢ =
j;z; 64 = —k8A = (0,61 = 6r,0,0). Finally, putting the

values of the relevant quantities obtained in (E9), (E12),
and (E15) into the expression of the energy in (38), we
obtain

E:%/dr(%) —#/dr[ﬁl d%ﬁ(\%&,@u\/ﬁ

308) + 372 0u(van)

Oa(Vap"). (E15)

(E16)

We note that,

r=2
/ dr/dzx\/ﬁ(iarau\/c_]) —/deau\/m;%.
=1 s, NZi s,

(E17)

With this, the energy of the null hypersurface manifests as

1 X
E—_- | arl £ 2.0
2/ r<2G> 871'G/ @x0uvq

~tarG | @ [ Pxvalgp +—ouva)

(E18)

We find that the expression of the energy obtained in the
GNC (E18) via the covariant form of the expression of
the energy (38) matches with Eq. (53) in [13]. Provided the
two-dimension surface S, is compact, the above expression
can be simplified to

_1 X
E_E/dr<ﬁ> SHG/ d’x0,\/q
16 G dr/ dzxf[ ﬁAﬁA]

The reason as to why (E19) is called the energy term is
because it provides the expression of the energy in quite a
few well-known cases. For a review of these specific cases
please see [13]. As an example, for the Schwarzchild metric
the energy term (E19) reduces to the mass.

(E19)
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