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ABSTRACT: Weyl transverse gravity is a gravitational theory that is invariant under trans-
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classical solutions as general relativity while solving some of its issues with the cosmological
constant. In this work, we first find the Noether currents and charges corresponding to local
symmetries of Weyl transverse gravity as well as a prescription for the symplectic form. We
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first law and Smarr formula for Schwarzschild-anti-de Sitter and pure de Sitter spacetimes,
discussing the contributions of the varying cosmological constant, which naturally appear
in Weyl transverse gravity. Lastly, we derive the first law of causal diamonds in vacuum.
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1 Introduction

The implementation of the Noether charge formalism in gravitational systems provides a
systematic way to calculate conserved quantities in these theories [1-5]. Among the suc-
cesses of this method we can count a formulation of the first law of black hole mechanics
and a prescription for black hole entropy (known as Wald entropy) valid for all local, diffeo-
morphism (Diff) invariant theories of gravity [2-4]|. It has also been employed to calculate
the conserved charges corresponding to the Bondi-Metzner-Sachs symmetry group [5].
The seminal works on the gravitational Noether charge formalism were concerned only
with local, Diff invariant theories. Here, we extend this analysis to gravity invariant under
transverse diffeomorphisms and Weyl transformations (WTDiff). While there exist a large



class of gravitational theories with a WTDiff symmetry group, we focus on the simplest
one, Weyl transverse gravity (WTG).

The relevance of WTG lies in the fact that it represents a classical alternative to general
relativity (GR), and even offers some advantages over it. The idea of WTG has first emerged
from the observation that the construction of a consistent theory of self-interacting gravitons
does not uniquely lead to GR. Instead, it also allows to arrive at a WTDiff invariant theory
now known as WTG [6-8|. Classical solutions of WT'G and GR equations of motion are
equivalent (although WTG in principle allows coupling to more general matter sources,
as we discuss in subsection 2.2). However, WTG solves some of the problems connected
with the cosmological constant, A, intrinsic to GR. Applying the formalism of the effective
field theory to GR appears to yield unrealistically high estimate for A coming from vacuum
energy [9-11] (see, however, [12] for an alternative viewpoint). Both WTG and unimodular
gravity (a gauge fixed version of WTG) solve this problem, since vacuum energy does not
gravitate in these theories |7, 8|. Perhaps more worryingly, A is radiatively unstable in
GR [13, 14]. In other words, even if one somehow fixes A to be consistent with observations
at the tree level, higher loop corrections will drastically alter its value. Hence, arriving at
a A value consistent with observations apparently requires infinite amount of fine-tuning.
This challenges the rationale behind the effective field theory, i.e., that high energy physics
does not significantly affect low energy observations. However, Weyl invariance of WTG
ensures radiative stability of A [14], avoiding the problems with validity of the effective field
theory approach.

Within this framework, developing a Noether charge formalism for WT'G provides, on
one side, a consistency check for this theory. On the other side, it offers a practical tool to
calculate conserved quantities in WTG, aiding its further development.

Another interest of this analysis comes from the results of applying the Noether charge
formalism to the case of causal diamonds. One then obtains a first law of causal diamond
mechanics and even an expression for their Wald entropy, both analogous to the results
known for black holes [15]. Conversely, considering Wald entropy and Unruh temperature
associated with local causal diamonds allows one to derive equations governing gravita-
tional dynamics [16-18]. However, the resulting dynamics is consistent with unimodular
gravity, which is invariant only under transverse diffeomorphisms [19, 20]. Furthermore,
gravitational dynamics derived from thermodynamics is invariant under Weyl transforma-
tions [21] and, thus, has exactly the same symmetries as WTG. In this way, starting with
Wald entropy obtained from the Diff invariant Lagrangian of GR one arrives at equations
of gravitational dynamics consistent with WTDiff invariant WTG. This motivates us to see
whether an expression for Wald entropy can be recovered even for WTG.

In this work, we develop a new version of the Noether charge formalism adapted to
WTG. We start by reviewing the main features of WTDiff invariant theories in section 2.
Then, in section 3, we derive expressions for the Noether current and charge. In section 4, we
employ these expressions to derive the first law of black hole mechanics and an expression for
Wald entropy. Furthermore, we analyse the cases of Schwarzschild-anti-de Sitter spacetime
and de Sitter spacetime which highlight some differences between Diff and WTDiff invariant
theories. Section 5 concerns the first law of black hole mechanics in the presence of matter



fields. In section 6, we apply our formalism to conformal Killing vectors and derive the
first law of causal diamonds. Finally, section 7 sums up our findings and discusses possible
further applications of the formalism.

Unless otherwise specified, we work in an arbitrary spacetime dimension n and use
metric signature (—,+,...,+). We set G = ¢ = h = kg = 1. Definitions of the curvature-
related quantities follow [22].

2  Weyl transverse gravity

In this section, we first review the basics of WT'G and definitions of some auxiliary quantities
useful for working in a WTDiff invariant setting. Then, we turn to the coupling of WTG
to matter fields, highlighting the differences compared to Diff invariant theories.

2.1 Vacuum theory

The action for vacuum WTG in n spacetime dimensions reads [23, 24|
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where g is the determinant of the metric, V' is the domain of integration, 9V denotes
its boundary with a unit normal n*, and we introduced a non-dynamical volume n-form
w=w(z)dx® Adzt A ... Adz" !, with w (z) being a strictly positive function. The pres-
ence of such a privileged background n-form is necessary for any WTDiff invariant theory
of gravity [8] (unless one chooses to introduce dynamical degrees of freedom besides the
metric [24, 25]). In principle, it is possible to introduce dynamics for the volume n-form
w, without affecting the gravitational dynamics of WTDiff invariant gravity or the radia-
tive stability of A [26]. However, for our current purposes the underlying dynamics of the
background volume n-form plays no role and we will treat it as non-dynamical.

The second integral in the action contains an arbitrary constant A and, as it is com-
pletely independent of the metric (the only dynamical quantity in vacuum), it does not
contribute to gravitational equations of motion and does not even enter higher order effec-
tive field theory calculations. Therefore, unless specified otherwise, we simply set A = 0 in
the following without any loss of generality.

To rewrite the action for WTG in a simpler form, we introduce a WTDiff invariant
(but not Diff invariant) auxiliary metric

G = (vV=8/2) """ gyu- (2.2)

One may notice that g,, is just the dynamical metric g, restricted to the unimodular
gauge, v/—g = w. In principle, it is possible to formulate WTG in the unimodular gauge
and consider g, as the dynamical variable. However, we impose no such gauge restriction
and only use g,, as a convenient notational device. We further note that raising and



lowering of indices is always done with the dynamical metric, g,, (the obvious exception
being g which we define as an inverse of g, ).
The Weyl connection corresponding to g,, reads

1 vV
D%, = T, = = (L35 + 0407 — g,pg"") Daln Y2 (2.3)

Using g,,, and I vp We can write the action of WTG in a simpler form,

1 ~
SWTG = 1677'(' RCL)dn.TJ, (24)
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where R = g“”]:ZW and ]:ZW is the Ricci curvature tensor constructed from the auxiliary

(WTDiff invariant) Riemann tensor
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The WTG action is invariant with respect to Weyl transformations

5gur = € Guv, (2.6)

where ¢ is an arbitrary spacetime function. Likewise, it is invariant with respect to trans-
verse diffeomorphisms. However, the usual transversality condition, V,{# = 0, where ¥
denotes the diffeomorphism generator, is not Weyl invariant. Thus, it cannot be satisfied
in every Weyl frame simultaneously, making it unsuitable for WTG. Instead, one must
define transversality with respect to the Weyl invariant covariant derivative. Transverse
diffeomorphisms then obey

5g;w :2V(V£M), (27)

V" =0 — V= ¢19, In H. (2.8)

w

The theory is not invariant under longitudinal diffeomorphisms (with @Mff‘ #0).
Varying the action with respect to g"” yields the vacuum equations of motion of WTG

1.
R,uzz - ERQ;W =0, (2'9)

which are traceless. We can restate these equations of motion in a form more reminiscent
of the standard Einstein equations. Invoking the contracted Bianchi identities,

23"’V Ry, = VR, (2.10)

we find that on shell
(n - 2) / (2n) Rguu = Agw/y (2.11)



where A is an arbitrary integration constant. Finally, subtracting the previous equality
from the traceless equations of motion yields

1 -~
Ry — 5 R + Mgy = 0. (2.12)

By comparison with the Einstein equations, we can see that A plays the role of the cos-
mological constant. In contrast with GR, A has no connection with the constant A present
in the Lagrangian, which we already set to 0. Furthermore, A is naturally allowed to vary
between solutions of the equations of motion, since it is an integration constant.

2.2 Coupling to matter fields

Let us now discuss the behaviour of matter fields coupled to WTG. We start by introducing
a WTDiff invariant matter action and the form of WT'G equations of motion with matter.
Lastly, we discuss local energy-momentum conservation.

Consider a matter field minimally coupled to WTG. The corresponding WTDiff invari-

ant matter action takes form
2k/n n
Sy = / (vV—g/w) Lywd"x, (2.13)
v

where Ly is a function of the matter variables v, their Weyl invariant covariant derivatives,
and k contravariant metric tensors, g"”. The factor (/—g /w)%/ " then ensures the overall
Weyl invariance of the action, compensating the behaviour of g"” under Weyl transfor-

1. By definition, the Weyl transformations affect only the gravitational sector of

mations
the theory and matter variables are invariant under them. If more than one matter field
is present, Sy is just a sum of several terms of this form (including possible interaction
terms).

By simultaneously varying the WT'G and matter actions with respect to g we obtain

the full gravitational equations of motion

k—1
- 1~ /—a\2 " 1
Ry = — Ry = 8 <g> (TW — nTgW> , (2.14)

w
where we define the energy-momentum tensor 7}, by the standard Hilbert prescription?
0Ly,
Ty = —Qaguy + Lypguv, (2.16)

We might instead just replace g"* by * in a Diff invariant matter Lagrangian. However, since we
work with the standard definition of the energy-momentum tensor, the notation we chose is more practical
for our purposes.

2One might instead consider an energy-momentum tensor defined with respect to the auxiliary metric [26]

i o [(v=e/w)" L]
T, -2

2k/n ~
= 5 + (V=0/)™" LGy, (2.15)

which has the advantage of being Weyl invariant. However, we choose the standard definition as it involves
variations with respect to the full dynamical metric.



and T' = T, g"" denotes its trace. From the Hilbert prescription and Weyl invariance of
matter variables, we can easily see the behaviour of the energy-momentum tensor under
Weyl transformations
' —2k=1s,
T=¢e"n Ty (2.17)
Thus, the right hand side of the WT'G equations of motion (2.14) is Weyl invariant.

Let us now briefly address the question of local energy-momentum conservation in
WTDiff invariant gravity. Since the matter and gravitational actions are WTDiff invariant
rather than Diff invariant, the energy-momentum tensor is not guaranteed to be divergence-
free by the symmetries of the action (nor, conversely, by the combination of the equations
of motion and the contracted Bianchi identities). Nevertheless, invariance with respect to
transverse diffeomorphisms still ensures [23]

87V, [(Jfg/w)Zk/n TM”} =V,.J, (2.18)

for some scalar function J. Clearly, nonzero J implies that energy-momentum is not locally
conserved. The condition V,T, w” =0 is anyway fulfilled for most of the often considered
matter sources, thanks to the matter equations of motion, but this is not a requirement
of the theory. The freedom to break local energy-momentum conservation by introducing
J # 0 has been exploited, e.g. to propose a mechanism for cosmic acceleration [27, 28]. In
the present work, we therefore assume the most general situation, J # 0.

3 The Noether charge formalism

Upon reviewing the properties of WT'G, we proceed to develop the Noether charge formalism
applicable to it. Our goal is to identify conserved quantities corresponding to symmetries
of a given spacetime. Before specialising to WTG, we briefly review general aspects of
the Noether charge formalism. Then, we consider general variations of the vacuum WTG
action and calculate the symplectic potential and the symplectic current. Next, we derive
the Noether currents and charges corresponding to symmetry transformations, i.e., Weyl
transformations and transverse diffeomorphisms. Lastly, we find a formula for a general
variation of a Hamiltonian corresponding to evolution along a transverse diffeomorphism

generator.

3.1 General formalism

We start by briefly presenting the Noether charge formalism in a general setting in order to
establish the notation and basic concepts. On a manifold equipped with some volume form,
€, define a Lagrangian L, constructed from a collection of dynamical variables, ¢, some
non-dynamical variables, «, and their covariant derivatives, V,, which obeys V, e = 0
(clearly, V, is not unique). The change of L under an arbitrary variation of the dynamical

variables, ¢, equals
01L = A¢51¢ + Vﬁ“ [51] , (3.1)

where Ay = 0 are the equations of motion, and, by virtue of the Gauss theorem, V6" [§1]
contributes only a boundary integral to the variation of the action. We call 8* the symplectic
potential [1].



Now perform a second arbitrary variation of the dynamical variables, d2¢, independent
of §1¢. The commutator of the variations applied to the Lagrangian reads

(0109 — 0201) L = 51A¢5g¢ — 0944010 + VHQ“ [01,02], (3.2)
where
QF 1, 02] = 610" [d2] — 520* [64], (3.3)

is known as the symplectic current [1]. The integral of Q# [§1, d2] over an initial data surface
C then yields a symplectic form?

Q[61,6] = /C Q" (81, 8] dC,. (3.4)

If one of the variations is generated by a vector field ¥, i.e., §1¢p = £L¢¢, and there exists
a Hamiltonian H¢ corresponding to evolution along &, the Hamilton equations of motion
give us the variation of H¢ for an arbitrary variation, d2¢ = d¢, as

§He = Q[ £¢,6]. (3.5)

Now consider a variation Sgﬁ corresponding to a local symmetry of the Lagrangian L.
The change of L under such a variation is a total divergence, L = V o/ [(5}, for some
vector a#*. The Noether current corresponding to a local symmetry reads [1]

3"[8] = 0" [8] — a[d]. (3.6)

From now on we drop the argument & unless it is needed. The covariant divergence of j#
is proportional to the equations of motion (see (3.1))

Vi = Vb — Vo = V,00 — 5L = — Ay, (3.7)

and, thus, vanishes on shell. The Noether charge corresponding to j* is just its integral
over an initial data surface C [1]

Q= / j#dc,. (3.9)
C
In the following subsections, we apply this general formalism to the case of WTG.

3.2 WTG symplectic potential and form

Symplectic potential. We begin by computing the symplectic potential, which directly
leads to expressions for both the Noether current and the symplectic form. Our starting
point is a general variation of the WT'G Lagrangian (2.4) with respect to the dynamical
metric, g,

B 1

2/n Suv 1 =2/n H~uv =
OL = — o | (V=a/w)" R =~ (V=g/w) " RG™ | Sgu + V0" (39)

3Technically, the form defined in this way can be degenerate [1]. To obtain a true symplectic form, one
must restrict it from the space of field configurations to the phase space. However, this subtlety is not
important for our purposes.



The first term is proportional to the WTG equations of motion and vanishes on shell.
The second one is a Weyl invariant divergence that contributes only a surface term to the
variation of the action and, thus, does not affect the equations of motion*. The symplectic
potential * reads

4
1 \/ — n S~
O[] = Ton <wg> (9" 9" — g 6"") V685p- (3.13)

The variation of the auxiliary metric 6g,, equals

2
. /—a\ % 2 Yar
5gup = ( w g) (591/;) - ggupé‘ In o g) . (314)

Then it is easy to check that 8* is WTDiff invariant.
In the unimodular gauge, /—g = w, and for variations that do not change the metric
determinant, g = 0, the symplectic potential of WT'G coincides with the GR result [3],

1 v log o UV
O6r = 15-V=8(9" 9" = 9"79") Voigup. (3.15)

This is of course expected, since the WTG action reduces to the Einstein-Hilbert action of
GR in the unimodular gauge.

Symplectic form. Consider two general, independent variations of the metric, 61g,, and
d29uw- The corresponding symplectic current (3.3) equals

QF (81, 6] =0,0% (53] — 626% [51] . (3.16)

The symplectic form, € [01, d2] is then given by an integral of Q# [01, J2] over an appropriate
initial data surface, C.

Evaluating the symplectic form for a transverse diffeomorphism generated by a vector
field &, 019 = L¢guw, and a general metric variation, d2g,, = 09, yields the variation
of the Hamiltonian corresponding to the evolution along &

SHe = Q[ £e,6]. (3.17)

4Let us briefly clarify the use of the Gauss theorem in this case. For an integral of a Weyl covariant
divergence of any Weyl invariant vector W*  we find

/ VW 0oy . an =/ (WO WH + WHO,w) €ay..can, = / O (WW") €ay.cam s (3.10)
Q Q Q

where €q;...a, iS the n-dimensional antisymmetrisation symbol and wq,...a, = We€a;...a, is the background
volume element. The Gauss theorem implies

/ O (WW")d"z = | W'"nun“wa,..an, (3.11)
Q o0

where n* denotes a unit normal to Q. As a normal vector, n* transforms as n'* = e~ “n* under Weyl
transformations. If n# is a coordinate vector, we can write

WHnun“ wa . an, =/ (\/*g/w)_l/n Whn,d" . (3.12)

oQ o0



Obtaining an expression for 6 H¢ is one of our main goals. While we could apply the above
described method, it requires the precise form of the Lagrangian. In the following, we
discuss an alternative route applicable to Hamiltonians corresponding to generators of the
symmetries of the theory [2, 3] (in our case the WTDiff group). Although the calculations
are less straightforward, they can be applied to any Lagrangian with WTDiff symmetry.
This will allow us to derive the matter contributions to the perturbation of the Hamiltonian
in subsection 5. Furthermore, this method relates the Hamiltonian perturbations with the
Noether charges corresponding to symmetry transformations. As a by-product, it also yields
several relations valid even off shell.

3.3 WTG Noether current

So far, we have considered general variations of the metric. We now focus on variations
that do not change the physical content of the theory, i.e., those corresponding to local
symmetry transformations, and calculate the Noether currents and charges. For WTG,
the local symmetry transformations are transverse diffeomorphisms, d¢g,,, = 2V (,§,) with
V,&# = 0, and Weyl transformations, dwg,, = ¢g,, for some function ¢.

We start with local Weyl transformations. The corresponding variation of the WTG
Lagrangian vanishes, dwL = 0. Hence, o* in the general definition of the Noether cur-
rent (3.6) equals zero. Furthermore, it holds 64, = 0. In total, we have that the Noether
current j{fv associated with Weyl invariance vanishes, j{fv = 0, in agreement with earlier
observations [24, 29].

Let us now turn to transverse diffeomorphisms generated by a vector field £&*. The
variation of the Lagrangian equals

- 1 -

where we used @ufu = 0. Therefore, we have a# = REH /167
For the symplectic potential corresponding to a transverse diffeomorphism, we find
from equation (3.13)

1 n v _po o v vilhv
0" [£e] =2~ (vV=8/w)""" (9" 9" = 8" 9"") 2|V V )&

1 = o, < [1 S
:gg#pRpuf "‘VV |:87T (\/ _g/W)2/ V[ f'u] s (319)

where we repeatedly employed the commutator of Weyl covariant derivatives
(@Np - %%) &= —R,.8" (3.20)
In total, the corresponding Noether current jg = j" [£¢] reads

. 1 /., = 1= ~ 1 2/n &
po_ ) Y] v — [venl . 21
JE =g (g R 2R5V> &' +V, [87T (V—g/w)"" V¢ (3.21)
While this form of jg is perfectly well defined without any reference to the equations of

motion, we also often work on shell in the following. In that case, the vacuum WTG



equations of motion imply
. 1 = 1 2/n &
po - Lpeiw, [ L (v % 2
Je St &+V, |:87T( g/w) NARS :|a (3.22)

where A is an arbitrary integration constant.
For the Weyl invariant divergence of the off-shell Noether current jg , we find

~ ~ 1 /.. =~ 1 -~ v ~ = 1 n <y

Vit =¥, [&T (gupRp,, _ 2355) ¢ } VLY, [&T (V=5/w)?" g»]]
1
8

(V=a/w)”" <Ruv - ;Rﬁw> vrer, (3.23)

where we modified the first term using the contracted Bianchi identities (2.10) and the
second term drops out due to antisymmetrisation. On shell, it holds

. 1 -
Ve = —g AVt =0, (3.24)

and the divergence of the Noether current vanishes by the transversality condition.
The second term in the Noether current (3.21) corresponds to the divergence of the
Noether charge antisymmetric tensor, Qg“ = Qg’“ ], which equals

Q' = L <\/jg> " len, (3.25)

8 w

One can easily check that Qg“ is WTDiff invariant.
As expected, in the unimodular gauge the WTG Noether charge coincides with the
corresponding GR, expression

1
v avlven
Qcre = Y gVer. (3.26)
However, the WTG Noether current in the unimodular gauge becomes
" 1 1 1 v et
Je = o-V—9 RV'LL - 7R55 é—p + = \% 7gvl/v é‘# ) (327)
¢ 8r 2 8

and, compared to the Noether current associated with transverse diffeomorphisms in GR
w1 /—al R 1R5“ ASH ) gP L. [v el )
]GR@ - g —¢ (72 § v + v f + % _gvl/V 5 ) (3 8)

it misses a term proportional to A. This difference is just a divergenceless contribution.
To explain it, note that the Einstein-Hilbert Lagrangian for GR, Lgy = (R — 2A) /16,
contains A as a constant fixed parameter, whereas the WTG Lagrangian, L = R/ 16,
does not. This is the origin of the discrepancy, since the Noether current contains a term
—at = — L&Y in both theories.

Before going further, we should mention (and dismiss) an apparent way to match the
WTG and GR Noether currents. As we showed in equation 2.1, the WTG Lagrangian may

~10 -



in principle include a term of the form —\/8m, with A\ being an arbitrary constant. As A
does not affect the gravitational dynamics in any way, we set A = 0. However, if we choose
nonzero A in the Lagrangian, it shifts the WTG Noether current by A& /8m. Since we
have @Mfu = 0, the Weyl divergence of the shifted Noether current still vanishes on shell.
One might be tempted to use this freedom to set A = A and recover the GR form of the
Noether current in the unimodular gauge. However, as A in WTG appears as an integration
constant in the process of solving the equations of motion, it is well defined only on shell
and in general different for each solution. Hence, the single constant A which we are free to
choose at the level of the Lagrangian cannot match all the different values of A for various
solutions of the equations of motion. In the following, we continue to assume A = 0, as it
it is completely irrelevant for our considerations (we briefly return to its interpretation in
subsection 4.3).

Lastly, we note that the above defined Noether current and charge, as well as the
symplectic potential and current contain some ambiguities. Since these are the same as for
the Noether charge formalism of Diff invariant gravity [3], we do not discuss them in detail.
In any case, they do not affect the physical situations we investigate in this paper. Hence,
in the following, we simply treat all the expressions derived up to this point as effectively
unambiguous.

3.4 WTG Hamiltonian for transverse diffeomorphisms

The Noether current corresponding to a transverse diffeomorphism can be used to obtain
the Hamiltonian for evolution along its generator, £#. To see this, consider any variation
of the metric, dg,,,. We have two ways of calculating the corresponding variation of jg . On
one side, the general definition of jg with o = LM implies

8j = 86" [£e] — £"0L.

Using equation (3.9) to express the variation of the WTG Lagrangian yields
. ~ 1 oo~ ~ 15
dyé‘ = SO [fd — EMV,0” [5} . ﬂéugomgﬁd <Rpg — nRgpo> 5ga5. (3.29)

To obtain the variation of the Hamiltonian given in general by equation (3.5), we first
need to identify the symplectic current (3.16) corresponding to a transverse diffeomorphism
generated by £* and an arbitrary variation of the metric,

OF [£¢,0] = 66" [£] — £:0"[0]. (3.30)

The first term is already present in equation (3.29). If we add and subtract the second
term, £¢6/ [d], to equation (3.29) and use that it holds

LM ="V, 0" — 0"V ,£", (3.31)
we obtain
7 1 Y vl 1 2/n e gap Bo [P =y
6je = Q" [£e, 6] +2V, <f 0 [5}) ~Ton (V=g/w)""€"g* g™ ( Ryo — B ) 0gas-
(3.32)
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On the other side, we expressed the Noether current in terms of the equations of motion
and the Noether charge (3.25). A variation of this expression reads

) | Y 1~ ~ v

Equating both expressions (3.32) and (3.33) for ¢ jg yields the desired expression for the
symplectic current

- y 1 o 1 -
0" [£e,0] =V, (Qg“ — 2¢lvgH] [5]) + €0 <g“pRp,, —~ 2R55>

1 2 ~ 1~
+ Tom (\/ —g/w) /n f“gapg'g” (Rp(7 — nRgpg> 09ag- (3.34)
Note that equation (3.34) has been derived without requiring that the equations of motion
hold.

Now assume that we compare two solutions of the vacuum WTG equations of motion
related by a small perturbation. Then, the perturbation obeys the equations of motion,

- 1 -
5 (gWRp,, - 2R55> = —6AS, (3.35)

where §A is an arbitrary integration constant. Clearly, the cosmological constant in the
perturbed spacetime equals A 4+ JA. In this way, our formalism naturally allows for A to
differ between various solutions of the equations of motion. The symplectic current then
considerably simplifies on shell

O [£¢,0] =V, (5Qg“ — 2¢lvgH] [5]) - 8%5“5/\. (3.36)

Suppose that the unperturbed spacetime possesses a Cauchy surface, C. We introduce
a Weyl invariant volume element on C, dC,, = (/—g/ w)_l/ " nuwd™ z, where n,, denotes a
unit normal to C and d" !z is the coordinate volume element on C. We stress that dC, only
reduces to the physical volume element (measured with respect to the dynamical metric)
in the unimodular gauge, «/—g = w. Integrating equation (3.36) over C with this volume
element and rewriting the integral of the first term as an integral over the boundary 9C of
C yields a Weyl invariant expression for the symplectic form

O[£e,0] = /c O [£¢,6]dC, = /8 ) (602 — 26707 9]) dC, — /C éaAgﬂch, (3.37)

where dC,,, = (\/TQ/w)_Q/n n[uml,]wdnfzx denotes the Weyl invariant area element on the
boundary 0C (with m,, being the unit normal to dC with respect to its embedding in C and
d" 2z being the coordinate area element). Provided that the Hamiltonian H¢ corresponding
to the evolution along &* exists, the Hamilton equations of motion imply

SHe = Q[ £¢,6] = /8 ) <5Qg“ _ogvpr [5]) dC,, — /C Siﬂa/\gﬂdcﬂ. (3.38)
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In contrast with the situation in fully diffeomorphism invariant theories, the Hamiltonian no
longer consists only of surface terms [2]. Instead, it includes a volume integral proportional
to the perturbation of the cosmological constant. This is a consequence of the fact that A is
an integration constant rather than a fixed parameter in the WT'G Lagrangian. Since the
contribution of the volume integral is clearly infinite, cases with nonzero A or A require a
separate treatment, which we discuss in subsection 4.3.

For A = 0, i.e., when the Hamiltonian H¢ is finite, the necessary and sufficient condition
for its existence is the same as for diffeomorphism invariant theories [5]

/ Q[ £¢,8] €°dC = 0. (3.39)
ocC

To see this, consider some solution of the vacuum WTG equations with A = 0. On this
solution, choose a vector field £#, so that the Hamiltonian H, exists. We consider two
independent variations of the metric, 61g,, and d2g,,,,, which satisfy the equations of motion
with 6;A = dA = 0. Then, it holds (6102 — d201) H¢ = 0. Using equation (3.38) for the
variation of the Hamiltonian, the commutation of §; and Jo on the antisymmetric tensor
Q" and the definition of Q" [£¢, 0], we get the condition (3.39).

4 The first law and Wald entropy in vacuum

In the previous section, we have obtained an expression for the perturbation of a Hamil-
tonian corresponding to evolution along a transverse diffeomorphism generator, £*. In the
following, we use it to study several special cases of interest. Given the classical equivalence
of WT'G and GR, we naturally expect an agreement of our results with the ones known
for GR. Even so, the machinery we developed presents some advantages. First, it allows
us to treat situations in which the energy-momentum tensor is not locally conserved, i.e.,
J # 0. Second, as A appears as an integration constant in WTG, it can vary between
solutions. Therefore, our formalism allows for a very natural treatment of contributions
from a varying cosmological constant to the first law, a possibility studied in the context
of black hole chemistry [30].

We first discuss an asymptotically flat, vacuum black hole spacetime and define the
Wald entropy for WT'G. Then we turn to two situations with a nonzero cosmological con-
stant, an asymptotically anti-de Sitter black hole and de Sitter spacetime.

4.1 WTG first law of black hole mechanics

In this subsection we concentrate on spacetimes with A = 0. We will focus on nonzero A
in subsection 4.3. We start by discussing a general case of an asymptotically flat spacetime
which possesses a Cauchy surface, C, and a Killing vector, £&#. We adopt a WTDiff invariant
definition of a Killing vector, i.e., gp(ﬁu)gﬂ = 0. This implies £¢g,,, = 0. For the dynamical
metric, we have £¢gu, = 9, °0,1In (y/—g/w). Hence, the change of g, corresponds to a
pure Weyl transformation. This definition of a Killing vector agrees with the standard
one, V(,§,) = 0, in the unimodular gauge, in which equations of motion for WT'G and
GR coincide. Beyond this gauge, the WTDiff invariant definition ensures that the Killing
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vectors of any two spacetimes related by a Weyl transformations will be the same (this
is desirable, since such spacetimes are physically identical in WTG). We stress that even
though the Killing vectors do not affect g, this statements depends on the specific form
of the metric. Hence, the Noether current and charge derived for general metrics are
generically nonvanishing when evaluated for a Killing vector.

In this spacetime, we consider an arbitrary perturbation of the metric which obeys
the equations of motion. We further require that the metric perturbation does not spoil
the asymptotic flatness, in particular, we impose A = 0. Since the perturbation of the
Hamiltonian corresponding to the evolution along the Killing vector £* vanishes (as £¢§,, =
0 for any Killing vector, the symplectic current Q* [£¢, §] (3.16) identically vanishes and so
does 0 H¢ according to equation (3.37)), equation (3.38) yields

SHe = /d i (5Qg“ —ogvpn [5]) dC,, = 0. (4.1)

The boundary OC of the Cauchy surface C has in general several components. One is an
intersection 0Cs of the Cauchy surface C with the spatial infinity®. There can be further
internal components of the boundary, e.g. intersections of C with black hole horizons. We
collectively denote these by dC;. Then, equation (4.1) can be written as

/8 N (sQ" — 26760 19]) ac,, /8 . (502" — 26760 3] dC, = 0. (4.2)
The interpretation of the second term depends on the nature of dC;. The first term cor-
responds to the perturbations of quantities measured in the asymptotic infinity. For ex-
ample, suppose that a spacetime possesses a timelike Killing vector, t#, normalised so that
guttt” = —1 in the asymptotic infinity. Then, the contribution to dH; from 0Cs can be
identified with the perturbation of the total canonical energy of the spacetime,

0F = (6Q1" — 276" [6]) AC, - (4.3)
0Coso
Similarly, the presence of a rotational Killing vector ¢* allows us to define the perturbation
of the total canonical angular momentum

5J = — / Q1 dC,, (4.4)
OCoo

where the overall minus sign ensures that J is positive. Note that, since ¢* is orthogonal to
dC,, there is no contribution proportional to ¢”0". Both expressions are explicitly Weyl
invariant. In the unimodular gauge and for perturbations preserving the metric determi-
nant, g = 0, they reduce to the perturbations of the familiar ADM energy and angular
momentum for GR.

We now specialise to the case of a stationary spacetime with a single black hole. Any
such spacetime is endowed with a time translational Killing vector t# and a set of n — 3

5Here and in the following, we consider a causal structure defined with respect to the background metric,
Juv- This is a consequence of the WTDiff invariance of physics in WTG.
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Killing vector fields cp’é) corresponding to rotations. These can be combined into a Killing
vector field &# = t# + 2?2_13 Qg_? goz), where Qg_? are constant angular velocities of the black
hole horizon in directions (plé). The black hole’s horizon is then a bifurcate Killing horizon
with respect to £*. A spacelike Cauchy surface C has an inner boundary formed by the
intersection of C with the black hole’s event horizon, H, which we denote by dCx. Applying

equation (4.2) to this case yields
n—3 ) 1 2/n =
O — Y )00 — o /a (e ere) e, =0 @)
i=1 g

where we identified the perturbations of energy (4.3) and angular momenta (4.4). The
Killing vector £ is normal to H. Hence, the second term in the integral over dCy vanishes.
If we define the Weyl invariant surface gravity of the horizon,

g — \/gwgpovpguvagv‘H, (4.6)
it is easy to show that V”&* = ke’¥, where ¢ is the bi-normal to the horizon. Finally, we
obtain

S 1 2/
_ g W — n v _
SE z; Qs 8WH/BCH 5 [(\ﬁg/w) . } dC,, = 0. (4.7)

In the unimodular gauge and for perturbations which do not change the metric determinant,
this reduces to the standard first law of black hole mechanics known for GR [3]

n—3
i 1
O — Y 0500 — orSA =0, (4.8)
=1

where A denotes the area of the horizon’s cross-section dCy. It is then proved that the
formulations of the first law in WTG and GR are physically equivalent.

4.2 'Wald entropy

The previous subsection concerns purely classical gravity. That suffices to derive the first
law of black hole mechanics. However, to identify black hole entropy and promote the first
law into a genuine thermodynamic statement, we require insights from the quantum field
theory in a curved background. It is well known that due to quantum effects black holes
emit black body radiation (Hawking radiation) corresponding to a finite temperature [31].
Hawking radiation results from fluctuations of the matter fields, which are Weyl invariant
(and there are no quantum anomalies associated with local Weyl transformations [14, 32]).
Hence, we expect the Hawking temperature to be Weyl invariant as well. Since the Hawking
radiation is a kinematic effect independent of the gravitational dynamics [33], the standard
expression for the Hawking temperature, Ty = /27, must hold. We just need to specify
to be the Weyl invariant surface gravity (4.6) to ensure the overall Weyl invariance of Tf.

Hawking radiation allows us to identify a term of the form TydS in the first law and
define Wald entropy of the horizon, S. For the bifurcate Killing horizon of a stationary
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black hole it then holds

1 1

_ 1 — 2 amge. L — @0 e .
5—4/8@(”/) “dC,, 4/8@(”/) Va2, (49)

with b being the determinant of the (n — 2)-dimensional reduced metric on dCy and d" 2z
is the corresponding coordinate area element. As expected, defining the Weyl invariant
Hawking temperature also ensures the Weyl invariance of Wald entropy. In the unimodu-
lar gauge, the WT'G Wald entropy reduces to the well-known Bekenstein entropy of GR,
S = A/4.

Defining Ty and S in this way yields the following first law of black hole thermody-
namics for stationary, asymptotically flat black holes in vacuum

n—3
0=0E Y Q)87 — Tuds, (4.10)
i=1

which has the form familiar from GR. However, the total energy, angular momenta, Hawking
temperature, and Wald entropy are all Weyl invariant and only agree with the corresponding
GR expressions in the unimodular gauge.

Finally, let us once again stress that the Hawking temperature, rather than emerging
naturally in the Noether charge formalism, requires an additional insight from the quantum
field theory in a curved background. We have just introduced it in this subsection to find
Wald entropy of WTG for the sake of comparison with GR. In the rest of the paper, we
return to considering only classical physics.

4.3 Spacetimes with non-zero cosmological constant

Since the main difference between GR and WTG lies in the nature of the cosmological con-
stant, it is of interest to apply the WTDiff invariant Noether charge formalism to spacetimes
with A # 0. We do so for two physically interesting yet tractable examples, a Schwarzschild-
anti-de Sitter black hole and de Sitter spacetime in four spacetime dimensions. Applying
our formalism to more general spacetimes with a non-zero cosmological constant, e.g. sta-
tionary, asymptotically (anti-)de Sitter black holes, would be more or less straightforward.
However, we choose the simplest cases to more clearly illustrate the peculiar features of the
cosmological constant in WTG.

Schwarzschild-anti-de Sitter spacetime. The simplest way to find a solution of the
WTG equations of motion corresponding to a known solution of the Einstein equations is
by expressing the metric in the unimodular gauge (using a suitable diffeomorphism). Since
the equations of motion of WT'G and GR coincide in this gauge, the metric is then also a
solution in WTG. The four-dimensional (n = 4) Schwarzschild-anti-de Sitter spacetime can
be described by the following unimodular (1/—g = w) metric

2M A dR? da?
2 _ B e A W 2 _2) 342
ds —\/J[ (1 . 37“)dt +7“4(1—¥—%r2)+r ((1—x2)+(1 x)dgi))],

(4.11)

~16 —



where A < 0 is the cosmological constant, and, with respect to the usual spherical coor-
dinates r, 6, ¢, we defined R = r3/3 and * = —cosf (thus, z € [-1,1)). We choose
this modification of the standard Schwarzschild coordinates to obtain a unimodular metric
(while there exist other unimodular forms of the Schwarzschild-anti-de Sitter metric, this
one is computationally convenient and also easily generalises to other black hole space-
times). The spacetime possesses a time translational Killing vector field, t* = (1,0,0,0),
and the black hole’s event horizon is a Killing horizon with respect to it. Now consider
equation (3.22) for the on-shell Noether current and integrate it over a Cauchy surface
orthogonal to t#

1
/ J1C, = — A / #dC,, + / QUdC,, / QUdC,, (4.12)
c 8t Je OCoo 9Cs

where we used the Gauss theorem and the division of the boundary of C into its intersections
with the asymptotic infinity, 0C~, and the black hole horizon, 0Cy«.

If A =0, then R = 0 and the Lagrangian vanishes. Moreover, as t* is a Killing vector
and £:§,, = 0, the corresponding symplectic potential vanishes (see equation (3.13)), and
we have ji' = 61 — Lt* = 0. The integral of Q;" over the asymptotic infinity is in this case
proportional to the total mass, M, and the integral over the horizon is proportional to the
area. Equation (4.12) then becomes the Smarr formula relating the horizon area, A, and
mass M of a Schwarzschild black hole

1 K
0= §M — 87A’ (A=0) (4.13)

where k is the surface gravity.

For A < 0 both sides of equation (4.12) are infinite. However, these infinities are of
the same nature as in the pure anti-de Sitter spacetime. We can then choose anti-de Sitter
spacetime as our reference background and demand that the Noether current and charge
vanish there. In other words, we define the physical Noether charge and current as the
difference of their Schwarzschild-anti-de Sitter and pure anti de-Sitter values®,

Qt ;phys — - QZidS’ (414)

]t,phys :‘7# - jt'LfAdS VQt ,phys" (415)

The Smarr formula stated in terms of these physical quantities yields a finite result

/C j;fljphys / Qt physdcl“’ / Qt,physdclﬂ”

1
0= M — f/'i.A’HmC +

5 ATH, (4.16)

3

where ry denotes the horizon radius. This result agrees with the Smarr formula for a
Schwarzschild-anti-de Sitter black hole valid in GR [34].

5This trick is similar to obtaining a finite entropy in GR by subtracting the action of a reference static
background [35]. However, subtraction on the level of the action is problematic in WTG, since the cosmo-
logical constant is defined only on shell.
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To obtain the first law for a Schwarzschild-anti-de Sitter black hole, we can consider
a change of the physical Hamiltonian corresponding to evolution along t* between two
Schwarzschild-anti-de Sitter black holes related by a small perturbation. Since the cos-
mological constant is allowed to vary between solutions in WTG, we must first subtract
the anti-de Sitter background corresponding to the unperturbed cosmological constant A
from the original Schwarzschild-anti-de Sitter spacetime and the anti-de Sitter background
corresponding to A + §A from the perturbed Schwarzschild-anti-de Sitter spacetime. Only
then can we calculate their difference. The resulting formula for the perturbation of the
physical Hamiltonian reads

OH; phys = 0Hy — 0Hy agqs = /ac (5Qtyghys - 2t"0§hys [5]) dCw, (4.17)
where
9§hys =" — des. (4.18)

Plugging the Schwarzschild-anti-de Sitter metric (4.11) into the general expressions for the
Noether charge and symplectic potential, subtracting the anti-de Sitter background, and
evaluating the integral in equation (4.17) yields the WTG first law of black hole mechanics
for a Schwarzschild-anti-de Sitter spacetime

0=0M — ;ﬁ/ 5 [(Fg/w)”" e”ﬂ ACp + 13 08 (4.19)
8Cn

—r
™ 3 M8r
If the metric perturbation does not change the determinant, dg = 0, we recover the form of
the first law for a Schwarzschild-anti-de Sitter spacetime in GR [34] (since our background
metric is chosen to be unimodular)
47
—r

3 3 0A8T. (4.20)

0=6M— A+
8
However, a perturbation of the cosmological constant A appears naturally in WTG,
whereas it needs to be added somewhat ad hoc for GR [15, 34], since A is understood
as a constant fixed parameter in the Lagrangian.

The consequences of the varying negative cosmological constant has been studied in the
context of the so-called black hole chemistry [30, 34]. It has been shown that a varying A
in an asymptotically anti-de Sitter black hole spacetime behaves like an effective pressure.
This can be seen from the first law for a Schwarzschild-anti de Sitter black hole (4.19) which
contains a term of the form (47r3;/3) 6A/8m. The term Vp = 4nr3, /3 may be understood
as a thermodynamic volume of the black hole [30]. Defining pressure associated with A as
pa = —A /8 gives us a term of the form —Vrpdpy. If we further invoke the Hawking effect
and view the second term in equation (4.19) as TydS, it becomes a genuine first law of
thermodynamics. The total mass of the black hole, M, then obeys dM = T30S — V1dpa.
Therefore, it corresponds to the enthalpy of the system [30, 34]. This picture allows to
describe the behaviour of asymptotically anti-de Sitter black holes in a standard ther-
modynamic language. Among other insights, it led to to the notion of black hole phase
transitions [30].
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De Sitter spacetime. The situation in asymptotically de Sitter spacetimes is somewhat
more complicated [36]. Therefore, in the present work, we limit ourselves to the cosmological
horizon in a pure de Sitter spacetime in four dimensions (n = 4). A suitable unimodular
de Sitter metric reads

2
ds? = Vw [— (1 —~ 273) dt* + MdRQ +r? (1(1_”3362 +(1-2?%) d¢2>] , (4.21)
where the coordinates are defined in the same way as for the unimodular Schwarzschild-
anti-de Sitter metric presented above. The cosmological horizon is a Killing horizon with
respect to the time translational Killing vector, t* = (1,0, 0,0), which is timelike inside the
cosmological horizon and becomes spacelike outside of it.

Consider a perturbation of the metric that satisfies the vacuum WTG equations of
motion. We study the perturbation of the Hamiltonian corresponding to evolution along t*
defined on a Cauchy surface C orthogonal to t* whose outer boundary is the horizon. Since
t* is a Killing vector, d H; vanishes and we find

0=0H, = \/§/ o[ (v=afw)? e e + 815A/t“d0#. (4.22)
ocC ™ C

In this simple case, we can explicitly evaluate all the integrals, obtaining the following first
law of the de Sitter cosmological horizon

A 1 N~ 1
\/ = <5Aac — .Aac5g> + —VedA =0, (4.23)
3 2 w &

where Ayc = 127/A and V¢ = 4\/§7T/A3/2 are the area of JC and the volume of C, re-
spectively. Since the background metric is unimodular, we recover the first law of the de
Sitter horizon valid in GR for g = 0. Let us note that, if we choose to invoke the quantum
field theory on a curved background to identify the temperature of the de Sitter horizon,
Tys = (1/2m) \/m, the first term has the interpretation TygdS. The entropy of the de
Sitter horizon then reads

S =3m/A, (4.24)

and agrees with the GR result.

Apart from the first law, we can also obtain the Smarr formula for de Sitter spacetime
which relates the volume and the area of C. To do so, we integrate the on-shell relation for
gt (3.22) over C

1
/ jhdc, — — LA / tdC,, + / QUdC,,. (4.25)
c 81 Je ac

and use that ji' = —Lt# = —At* /4 in this case, since the symplectic potential correspond-
ing to t* (or, in general, to any Killing vector) vanishes. The final result then reads

AV 1 A Aye
B V31 (4.26)

which one can easily verify by plugging in the expressions for Ve and Agc.
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To conclude our discussion of de Sitter spacetime, we address an apparent inconsistency
between WTG and GR pointed out in the literature [37] (while the issue was originally
discussed in the context of unimodular gravity, it also appears in WT'G). It concerns the
entropy of the de Sitter horizon defined using the path integral approach. This method uses
a path integral in an Euclidean space to obtain the partition function, Z [38|. By standard
thermodynamics arguments, it then holds

InZ=—E/T+8, (4.27)

where T' denotes the temperature, ' the total energy, and S the entropy. The equation
may also contain additional terms corresponding to nonvanishing chemical potentials. In
the case of the 4-dimensional de Sitter spacetime, In Z equals simply minus an integral of
the Euclidean action over a 4-sphere V' of radius \/3/71\ [37]. In GR, it yields

2A 3
I = — _ 2 4.2
167" A’ (4.28)
whereas for the action of WT'G we find
4N — 2\ 3T A
I =— = [ 2 - — 4.2
or VTR ( A) ’ (4.29)

where A is a constant present in the Lagrangian, which we set to zero in the majority of
the paper. As we argued in section 2, A is unrelated to the cosmological constant and its
value does not affect the dynamics of WTG in any way.

De Sitter spacetime is completely described by the value of A. In GR, A is a fixed
parameter of the Lagrangian, which we cannot change. Hence, the standard treatment of
the de Sitter spacetime sets its energy to zero and considers no chemical potentials. Then,
equation (4.27) implies I = S, and the entropy of the de Sitter horizon obeys S = 37 /A in
GR [38]. In contrast, setting I = S for de Sitter spacetime in WTG yields

S = 3% (2 - 2) , (4.30)

which agrees with the GR case only for A = A\. However, fixing A = A runs contrary to A
being an integration constant independent of the Lagrangian parameters (see the discussion
at the end of subsection 3.3 for details of the reasoning). Equation (4.30) also disagrees
with the entropy of de Sitter horizon in WT'G (4.24) we found using our Noether charge
formalism.

To reconcile this discrepancy, we first note that A is allowed to vary in WTG. In the
previous subsection, we reviewed the arguments which lead to identifying a varying (nega-
tive) cosmological constant with pressure, py = —A/87. If we adopt the same interpretation
for a varying positive cosmological constant in de Sitter spacetime, we have by a standard
thermodynamic argument

3

I=-S+psWv =-5-"F, (4.31)

and, thus,
3 A

§="1 (1 - A) . (4.32)
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Regarding the contribution from A, it can be easily interpreted in WTG. The term in WTG

action proportional to A\ equals V‘(/w) A, where V‘(,w) is the spacetime volume of the integration

domain V', measured with respect to the non-dynamical volume form, w. Therefore, V‘(/w))\
is a universal constant which simply quantifies our freedom to perform a constant shift of
the value of entropy. Hence, we can just set A = 0 in the same way it is customary to
set S = 0 at the absolute zero temperature in standard thermodynamics. In this way, the
results for entropy of de Sitter horizon in GR and WTG are consistent. Furthermore, we
see that the Noether charge and Euclidean canonical ensemble approaches to calculating
entropy for WTG lead to equivalent results (although we have shown this only for de Sitter
spacetime, the cosmological constant contribution may be expected to be the only possible

obstacle to the equivalence).

5 The first law in WTG coupled with matter

So far we have been discussing the Noether charge formalism for vacuum WTG. Adding
matter sources minimally coupled to gravity is fairly simple, as the general Noether charge
formalism reviewed in subsection 3.1 can be straightforwardly applied. We first briefly dis-
cuss the general case and then illustrate it on the example of a stationary and asymptotically
flat black hole spacetime filled with a perfect fluid.

5.1 General formalism for matter fields

The matter symplectic potential GZ and symplectic current QZ can be obtained directly
from the general equations (3.1) and (3.3), respectively. Regarding the local symmetry
transformations, the Noether current corresponding to local Weyl symmetry vanishes. For
a transverse diffeomorphism generated by a vector field & it is easy to check that O‘fb,g =

(\/—g/w)%/” Ly&* and we have from the general equation (3.6),

Juye = 0y [£e] — Ly€h. (5.1)

We cannot directly evaluate jg,g as we do not have an expression for 91’2,5 corresponding
to a general matter Lagrangian. However, the general definition of the symplectic poten-
tial (3.13) expresses its divergence in terms of the equations of motion and a variation of
the Lagrangian. Hence, we can learn more about jZé by evaluating its Weyl covariant

divergence,
Vg, =V, — £e [V kin g,
pdap e =VuTye = &€ (V—o/w) 0

=~ ApLep — (vV=g/w)*" (TW - TlngW> 2V (.6, (5.2)

where Ay, = 0 are the matter equations of motion. A series of straightforward manipulations
yields [4]

Vadle = V|~ (- Ap-©F = ((V=g/w) " T, = T8t €] (5.3)
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where J is defined by equation (2.18) and (1 - Ay - §)" is to be understood as 1 Ay&H for
scalar fields and 1/111145/,” ) for vector fields (more general tensorial fields require a separate
treatment). This form of the divergence of jg ¢ implies [4, 39|

Jhe=— (- Ay — [(V=o/e)™ 1,0 - o8] € + 9.Q1%, (5.4)

where Qq’;” ¢ is the antisymmetric matter Noether charge tensor. Once the matter Lagrangian
is specified, the precise form of QZ’“‘ ¢ can be found by comparing equations (5.1) and (5.4)
for jZﬁ' Since the second term in jg,g corresponds to the right hand side of the WTG
equations of motion, the combined matter and gravitational WTG Noether current on shell
reduces to the divergence of the total Noether charge tensor and a contribution proportional
to A discussed in subsection 3.3.

As an aside, we note that the matter Noether charge we derived is proportional to
&". This can be seen from the fact that a Lagrangian L, for minimally coupled matter
fields contains at most first derivatives of the matter variables (otherwise, Ly, would depend
on the connection which would be in conflict with the assumption of minimal coupling).
Hence, from the general definition of the symplectic potential (3.13), we see that 01‘2 can
depend only on variations of the matter variables and not on their derivatives. The matter
field variations corresponding to transverse diffeomorphisms generated by a vector field &*
are given by Lie derivatives along £#, which depend on the first (but not higher) derivatives
of &*. Hence, the Noether current depends at most on the first derivatives of &* (see
equation (5.1)). The Noether charge QZ{‘ ¢ Appears as a total divergence in the expression
for jg,g- Therefore, it can contain only &* and not its derivatives and there exists a WTDiff

invariant antisymmetric tensor W,"”" =W, i ], such that QZ)“ €= W,

The symplectic current corresponding to a transverse diffeomorphism and an arbitrary
perturbation of the metric and matter fields equals
Yy [£e, 0] =00y [£¢] — Leb; (]
. 2k/n
—5 (3575 + (vV=g/w)™ L¢§“) — L0 (8] (5.5)
If both the background and the perturbation satisfy the equations of motion, we have
v 2k/n v
O [£6,0] =V, (0Q — 2678, [0]) — o [ (V=a/w)™ " T, — o] ¢
1 2k n a 1 a
+ 5 (V=a/w)™ (T f—-Tg 5) 04a- (56)

Finally, integrating QZ} [£¢, 0] over a Cauchy surface C yields the perturbation of the matter
Hamiltonian, Hy ¢,

Mhoe = /aa (61 — 2603 [3]) dCy /65 |(V=a/w) ™" T, - T8t 6vdc,
1 weg 1o
+3 /C (vV=g/w)™ (T $—-Tg 5) 09ap€dCy. (5.7)
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The total Hamiltonian perturbation consists of the matter part and the gravitational con-
tribution 0 H,y ¢ (we use the subscript g to distinguish it from the perturbation of the total
Hamiltonian) discussed in subsection 3.4, so that 6 He = 0 Hg ¢ +0Hy, ¢. The perturbation of
the matter Hamiltonian, 0 Hy, ¢ is given by equation (5.7). However, equation (3.38) for the
perturbation of the gravitational Hamiltonian was derived by invoking the vacuum WTG
equations of motion (2.9) and it no longer holds in the presence of matter. We only have

§Hye = /C O [£¢,8]dC,.. (5.8)

To find a suitable expression for the total Hamiltonian perturbation, 6H¢, we can follow
the same line of reasoning as we did to obtain equation (3.38) for the vacuum case. The
total symplectic current QF = Qf + QZ obeys

OF [£e, 6] = 60 [£e] — L0 [5] (5.9)

where 04 = 0 + 91’2 denotes the total symplectic potential. This can be rewritten in the
same way as for the vacuum WTG symplectic current (equations (3.31)-(3.36) hold, just
with the matter contributions added) and we obtain

O [£e,0] =V, (5@@“ — 2¢lvgHl [5]) - ééAg“, (5.10)

where Qg“ = Qg’é + QZ“ ¢ denotes the total Noether charge. The integral over a Cauchy
surface C then yields the perturbation of the total Hamiltonian

1
GHe = 0Hye + 0Hye = / (602" —2¢70" 19]) dC — / -OAEHAC,. (5.11)
ac c oT

Substituting for dHy ¢ = [, $2;,dC,, from equation (5.6), we finally obtain
1
— — vy v
GHye = /C QF [£¢,0]dC,, = /8 i (5%5 — 266! [5]) dC,, — /C <-oAEdC,

- [a e e ) eac,
c
1 k/n o 1, .

+ 2/6 (v=g/w)™ (T p Ty 5) 6gapctdCy,  (5.12)

where the contributions from 5@;’7‘ ¢ and 0‘12 [0] cancel out. Equation (5.12) allows us to
straightforwardly derive the first law of black hole mechanics for a stationary black hole
spacetime with matter fields present, as we show in detail in the following.

Consider a stationary, asymptotically flat black hole spacetime with arbitrary minimally
coupled matter fields present. As in the vacuum case we discussed in subsection 4.1 the
spacetime has a time translational Killing vector, t*, and n — 3 rotational Killing vectors,
90’{ ) The black hole horizon is again a Killing horizon with respect to the Killing vector

Eh =ty 3 Q(l Pliy where Q”S‘{) are the constant angular velocities of the horizon. The

spacetime also possesses a spacelike Cauchy surface, C, whose boundary is composed of its
intersections with the spatial infinity, Coo, and with the horizon, 0Cy«.
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Although all the physical quantities describing the matter are required to have the same
symmetries as the spacetime, the matter Lagrangian may also contain dynamical variables
which are not stationary [4] (in other words, £49) # 0, £4,,,1 # 0). A typical example of this
behaviour are perfect fluids, whose Lagrangian depends on Lagrange multipliers which in
general do not share the symmetries of the spacetime, although fluid’s entropy, temperature,
velocity, particle density, energy density and pressure do. We demand that there exists
a vector field co-moving with the matter that is of the form U* = t# + E?:_l?’ Q(i)cp‘(‘i),
where Q) are the matter angular velocities (not necessarily constant) in the various Killing
directions.

Let us introduce an arbitrary perturbation of the metric and the fluid variables which
obeys the equations of motion and preserves the asymptotic flatness of the spacetime.
We are interested in evaluating the perturbation of the gravitational Hamiltonian, 6 H, ¢,
corresponding to the evolution along the Killing vector &¥. Since & is a Killing vector,
LeGuw = 0, the gravitational symplectic current Q [£¢, 6] vanishes and so does 6 Hg¢. Ap-
plying equation (5.12) for the perturbation of the total Hamiltonian to this case then yields

/8 ! (6@t — 2¢702 10]) dC /C 5 [(V=afw) - 78] e,

1 n 1
+3 /C (vV=g/w)™ (T“ﬁ - nTgC“) 09ap€"dC, = 0. (5.13)

The surface integral comes from the gravitational degrees of freedom and has the same
interpretation as in the vacuum case:

n—3
Vi gevpn _SE Wsy L —  \2/n
/a ! (5Qg7§ 26" 6" [5]) dC,, = 0E Z;QH 8J5) — g=r /8 . 5 [(ﬁ/w) € } dC,,.

(5.14)
In this case the perturbations of the total energy and angular momenta include both the
contributions of the black hole and the matter fields. The first volume integral in equa-
tion (5.13) can be rewritten in the following way

_ /<:5 [(\/?g/w)%/" T H— j&’;} €dc, = —/Ccs [(\/?g/w)z’“/” Tuﬂ} Urdc,

n—3
- / 5TE1AC, + / > (00— o) o [(v=a/w)™ " 1,4] ¢hyac,. (5.15)
¢ Cim1

The first term now contains a variation of the energy-momentum tensor contracted with the
vector U co-moving with the matter. The second term represents the contribution of the
local non-conservation of energy-momentum. The last integral contains the perturbations
of the WTDiff invariant angular momenta densities of the matter, (5J~(’;), defined in the
standard way

57t = 8 [(vV=8/w)™ " T,"] ¢, (5.16)

Since the total angular momenta in equation (5.14) obey Ji;) = J;_f) + /. j(‘;)dCM, it holds

n—3 n—3 n—3 n—3
=05+ /C > (00— af))aTtac, = - - of)ar)+ /C S~ a5k dc,. (5.17)
=1 i=1 =1 i=1
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In total, equation (5.13) yields the following form of the first law for stationary, asymptot-
ically flat black hole spacetimes with matter fields

n—3
SE -3 Q)6 - 1&/80 6 [(v=a/w)*" €] ac,
H

8w
i=1

n v 1 n o 1 Q
—/Ca [(V=a/w)™ " T, Uvac, + 2/6 (V=g/w)™ (T Ty ﬂ) 8gasthdC,
n—3
+ / > QWsgtdc, + / §J€MdC, = 0. (5.18)

Any further analysis of the first law depends on the specific properties of the matter fields
present in the spacetime.

5.2 WTDiff invariant perfect fluids

The original derivation of the first law of black hole mechanics in GR considered a stationary,
asymptotically flat black hole spacetime filled with a perfect fluid [40]. This form of the
first law was later reproduced (and generalised) using the Noether charge formalism for Diff
invariant gravity [4]. Here, we derive it for WT'G. Our aim is to both illustrate the matter
field contributions to the Hamiltonian perturbation discussed above in a general setting and
to show the physical equivalence of the final formula with the result known in GR.

Before applying the Noether charge formalism to a perfect fluid, we first need to intro-
duce a suitable Lagrangian description. In particular, we develop a WTDiff invariant (and
somewhat simplified) version of the formalism presented in [41]. We choose the entropy per
particle, s, and the particle density, v, as the configuration variables describing the fluid.
We then consider an equation of state which expresses the energy density of the fluid as a
function of s and v, p = p(s,v). We further need the velocity of the fluid, u*, normalised
so that u,u* = —1. To keep this normalisation Weyl invariant, the behaviour of u* under
Weyl transformations must be v = e~?u* (in other words, g, + u,u, must be a projector
to the subspace orthogonal to u* in every gauge). Using the fluid velocity and particle
number density, we introduce the particle number density flux

1" = (v=g/w) """ vur, (5.19)

which is Weyl invariant.

As the basic component of our fluid Lagrangian we choose the energy density, p (v, s).
Furthermore, it must incorporate the conditions that the fluxes of particle number density
and entropy per particle along the flow lines are conserved (these requirements characterise
a perfect fluid), which we add via Lagrange multipliers. In total, the Lagrangian reads’

L= —p(s,v)+ I (@lm + S@Lﬂ') , (5.20)

"In principle, one should also add a term depending on the Lagrangian coordinates of the fluid, which
specifies the flow lines and serves to fix them on the spacetime boundaries [41]. However, this is not needed
for our purposes.
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where 7 and 7 are spacetime scalars which play the role of Lagrange multipliers. We
discuss their physical interpretation after deriving the equations of motion. Varying the
matter action with respect to the metric yields the traceless part of the energy-momentum

tensor . .
Ty — ﬁTg’“W =(p+p) (uuu,j + ngu,,) , (5.21)
where we identified the pressure
dp
=v— — 5.22
p=vgs—p (5.22)

by comparison with the standard form of the energy-momentum tensor of a perfect fluid.
The variations with respect to n and 7 give us the conservation of the particle number
density flux and the entropy per particle flux, respectively,

VI =0,  V,(sI") =0. (5.23)

The variation with respect to s implies

ap ~
-5, + IV, =0, (5.24)
which can be interpreted as the first law of thermodynamics for the fluid [41]. Indeed, if

we specify the Weyl invariant fluid temperature

T = (\/—g/w)l/n uhvV T, (5.25)
equation (5.24) becomes
10p
Next, varying the fluid action with respect to v leads to
0 n - -
8—5 - (V=g/w) L/ (VM? + sVuT) =0. (5.27)

The last term equals —7 s according to equation (5.25) and the first term corresponds to
(p+p) /v (see equation (5.22)). Using the Gibbs-Duhem equation of standard thermody-
namics, we obtain the chemical potential u of the fluid

y= ? ~Ts= % — s (V=o/w) " UtV (5.28)

Equation (5.27) then relates the chemical potential with the Lagrange multiplier n

p=(v—g/w) Ln uV . (5.29)

Lastly, a variation of the fluid action with respect to u* yields an equation which governs
the behaviour of # and 7 on the surfaces orthogonal to the flow lines.

It is not difficult to see that the fluid equations of motion imply that the energy-
momentum tensor of the perfect fluid is divergenceless, @,,TH” = 0 [41]. Hence, local energy-
momentum conservation is directly built into our construction (in other words, J = 0 in
our case).
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We now apply the Noether charge formalism for matter fields that we described in
the previous subsection to our perfect fluid Lagrangian. We straightforwardly obtain the
symplectic potential for a general variation of the fluid variables and the metric, and the
Noether current corresponding to a transverse diffeomorphism generated by a vector field &

Of =1"(on+so7), gl =-T,"¢". (5.30)

The Noether charge Qlf"g identically vanishes in this case.

Now consider some solution of the WTG equations of motion with the perfect fluid
energy-momentum tensor. For the symplectic current Qf [£e¢, 8] corresponding to a trans-
verse diffeomorphism and an arbitrary perturbation of the fluid variables and the metric
which satisfies the equations of motion, equation (5.6) implies

. 1 1
o = -2V, (5[”9#]) = O+ et <T°‘5 - nTg“ﬂ> 89ag (5.31)

which directly yields the perturbation of the fluid Hamiltonian for the evolution along &+,
dH¢ ¢ (see equation (5.7)).

5.3 WTG first law of black hole mechanics with a perfect fluid

Upon introducing a suitable description of a perfect fluid, we return to deriving the first
law for a stationary, asymptotically flat black hole spacetime filled with a perfect fluid. Our
starting point is equation (5.18) valid for general matter fields. The perturbation of the
fluid energy-momentum tensor satisfies

UY0T, " =U"5[(p+ p) uyu” + pok] = U6 [(vp + vT s) uyut] + UHdp, (5.32)

where the fluid velocity is given by u# = U*/\/—gasUUP = U*/|U| and, since sU* = 0,
we can use that U"0u,, = |U|u®u?8g,s/2. Furthermore, equations (5.22), (5.26) and (5.27)
together imply dp + vdu + vséT = 0. We further use the definition of the particle number
density flux I* (5.19). The final result after some calculations is

v 1 v 1 v —-1/n
U"ST, " =5U" (p+p) (uyu“ + n%) + (vV=g/w) " U o1 (5.33)

+ (V=a/w) M UITS [ (VEafw) s (5.34)

The first term is just the traceless part of the energy-momentum tensor and it cancels
out with the last integral in equation (5.18). The final form of the first law of black hole
mechanics for a stationary, asymptotically flat black hole spacetime filled with a perfect
fluid thus reads

7 1 n y
0=0E — )6 — &Tﬁ/ac 6 [(v=a/w)*" ] ac,
H

n—3
—1/n —1/n g REW

(5.35)
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where the first term of the second line quantifies the change of the fluid energy due to
absorption of particles by the black hole, as it contains the perturbation of the previously
defined particle number density current, I*, and the chemical potential, u, with the red-
shift between the horizon and the asymptotic infinity taken into account by the factor
(v—9/ w)_l/ " |U|. The second term of the second line corresponds to heat exchange between
the fluid and the black hole, as S* = (\/TQ/w)l/n sut is the WTDiff invariant flux of the
entropy density and (\/TQ/w)fl/ "|U|T the red-shifted temperature. In the unimodular
gauge, and for perturbations that do not change the metric determinant, édg = 0, we of
course recover the GR form of the first law [4, 40].

6 The first law for causal diamonds

The Noether charge formalism for Diff invariant theories of gravity has been used to derive
the first law of causal diamonds, which plays an important role in thermodynamics of
spacetime [15-18]. However, applying the WT'G Noether charge formalism to them leads
to technical difficulties. The reason is that causal diamonds posses an isometry generated
by a conformal Killing vector. Such vectors are defined by the conformal Killing equation

1
OcGuw = L¢guw = 2V (,(y) = EVpCng. (6.1)

A conformal Killing vector (#* does not satisfy the transversality condition as @M(“ £ 0.
Hence, the Noether charge formalism we developed for transverse diffeomorphisms cannot
be applied directly to this case. Nevertheless, (* generates a pure Weyl transformation.
Hence, it does not affect the auxiliary metric (when @#C“ # 0, one must be mindful that
dw = 0 and apply the rules for Lie deriving tensor densities)

_9/n -~ o~ B 2~ =
Sed =w?" L [(\/7—9) 2/ gw,} — 2V, YV, (gp)@) ~ S0 VeVat =0, (62)

The transformation generated by (* thus lies in the intersection of Diff and WTDiff groups
and represents a symmetry transformation of WT'G. However, the condition on a vector
field to generate a transformation from the intersection of Diff and WTDiff groups which
is not a transverse diffeomorphism explicitly depends on the metric [6]. This prevents
us from finding a general expression for the Noether current and Noether charge in this
case. Nevertheless, the symplectic potential 0 [6¢] and the symplectic current Q* [d¢,d]
corresponding to the transformation generated by (* obey equations (3.13) and (3.16),
respectively, which we derived for completely general variations of the metric. Therefore,
if the Hamiltonian corresponding to the evolution along (* exists, its on-shell perturbation
is given by the standard expression (3.17)

c

where C is a Cauchy surface. This equation is then sufficient to derive the first law of causal
diamonds in the same way we derived the first law of black hole mechanics in subsection 4.1.
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We first provide an expression for dH valid for any vector field ¢#. Then, we use it
to derive the first law of causal diamonds and show that it is physically equivalent to the
one valid in GR. In the present work, we concentrate on the vacuum case. The matter
contribution to the first law of causal diamonds will be discussed elsewhere.

6.1 Hamiltonian

In the following, we consider an arbitrary vector (#, which need not obey the transversality
condition. Our aim is to derive a perturbation of the Hamiltonian for evolution along
¢*. Since ¢* does not in general generate a symmetry transformation of WTG, we cannot
follow the procedure based on the Noether current considered in section 3. Instead, we
take advantage of having an explicit expression for the WTG Lagrangian and obtain the
Hamiltonian perturbation by directly evaluating the symplectic current

OF [6¢, 8] = 66* [5;] — 66" [0, (6.4)

where we assume that both the background metric and the perturbation obey the vacuum
WTG equations of motion.

The first term in equation (6.4) is a perturbation of the symplectic potential 6* [0¢],
which can be expressed directly from the general equation (3.13) as

4
1 —g\" =
o - = LY po O VP
015 = 15- (50)" (0 — 04" Vot (6.5)
where 5
Vobcivp = 2V4 VY, (g,,»@) — G,V Va (6.6)
A straightforward calculation leads to
1 ~ ~ 1 " =
0" [0¢] = gg“PprcV +V, <87r (\/—g/w)Q/ V[”C“]> + 107, (6.7)
where we write
= L g e (6.8)
¢ 8t n vEPs

for the only extra term appearing with respect to the transverse diffeomorphisms case. It
can be noticed that the first term on the right hand side of equation (6.7) has formally the
same form as a Weyl covariant divergence of the WTG Noether charge corresponding to
C*. However, since (* does not in general generate a symmetry transformation of WTG,
we cannot understand this term as a Noether charge.

Therefore, for the on-shell perturbation of the symplectic potential, §60* [d;], we find,
invoking the vacuum WTG equations of motion,

50" 5] = %%wé + i% [5 ((\/?g/w)”” Wcﬂl)} + ST, (6.9)

For the second term in equation (6.4), 6:6* [0], we find from the definition of the
Lie derivative (one must be mindful that 6 [§] contains the metric determinant and its
derivatives, which are not tensors)

. . 2 . 1 - -
86" [8] = ¢V, 0 [8] — 0¥ [8] VC + — 0" 8] Vg + 1~ VoV (705" (6.10)
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In total, the symplectic current reads

Q" (5, 0] :8%%@51% + i@ s ((\ﬁ/w)”” T)| = 9,0 18] + 07 [5] 9,
2 y 1 n—
AU

@Npg%g“". (6.11)

where we used the definition of H’g (6.8). Adding and subtracting ¢*V,6” — 0*V,C", we
obtain a total divergence term of the form —V,, (¢lorl [a]),

" [5¢. ] :8%%&51% + 8%% [5 (V=)™ 9¢)] = 9, (P00 [3)) — 9,67 8

2 . 1 -~ -
w v_ P 8§FHY
04 [0 VuC” = 5= VoV, g (6.12)

Finally, we use the on-shell relation

15R 1 2n

to write
QM [5¢, 0] = — —C“aA + 8* o8 ((vV=a/w)? ol e) | =9, (o o)) - ¢9,0¢ o]
20 8] 9,” + %"n ¥,V PG (6.14)

An integral of Q" [d¢, 6] over a Cauchy surface C then yields the perturbation of the Hamil-
tonian H¢ corresponding to the evolution along ¢(* (if it exists)

SH; :/CQ” [6¢,8]dC, = /80 {;Ta |(V=a/w)*" Tl ei] — 2¢vom [ }dCW

1 -2 ~
_ /C §5AC#dCu 4+ n - / <16 \V4 V,)Cp5g“” + 6* [4] VZ,C”> dc,,. (6.15)

Even for §A = 0, the perturbation of the Hamiltonian contains a volume integral. We
discuss its interpretation on the example of a causal diamond in the following subsection.

6.2 Causal diamonds

Let us now apply the previously derived formalism to a simple yet interesting case of causal
diamonds. A geodesic local causal diamond centred at some spacetime point, P, is fully
described by an arbitrary unit timelike vector, n* (P), and a length scale, [. We define
it as a region causally determined by a spacelike geodesic ball ¥y, which is formed by
geodesics of parameter length [ starting in P and orthogonal to n* (P). In the following,
we assume that the causal diamond is constructed in a flat spacetime. We choose the time
coordinate so that n (P) = d/0t, and spatial coordinates {’}’=7"" to be Cartesian. We
further perform a suitable Weyl transformation to have (at least locally) a unimodular
metric, /—g = w. We only consider a unimodular form of the metric for computational
convenience (as in subsection 4.3). In the following, we allow for metric perturbations which
change the determinant, i.e., g # 0.
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A causal diamond possesses a conformal isometry generated by a conformal Killing
vector, ¢* [16]. In our coordinate system, (" reads, up to an arbitrary normalisation
constant, C,

C:C((l2_t2_r2);_2tx’aii), (6.16)
where r = \/ﬂ The GLCD’s boundary is a conformal Killing horizon with respect to .
Its spatial cross-section at ¢t = 0 which corresponds to the boundary of the geodesic ball,
0%, is a bifurcate surface and ¢ vanishes there, as can be easily seen from equation (6.16).
The surface gravity s corresponding to (* obeys xk = 2IC'" at 9%.

To provide a consistency test for our formalism, we first derive a relation between
the volume of ¥y and the area of 0%y. The derivation proceeds similarly to that of the
Smarr formula for black holes (see subsection 4.3). We start by integrating the symplectic
potential (6.7) corresponding to (* over the geodesic ball ¥

1 -
/ 9”[6<]d2u=/ H?d2u+/ o (V=o/w)"" Vs, (6.17)
o o 95 OT

The symplectic potential 6# [0¢] can be worked out from equation (6.7). Since 6¢g,, = 0
we easily obtain 6# [6¢;] = 0. Therefore, we have

1 2/n &Sly
/2 Hgdz”+/az 87 (v=g/w)*" V¢Hds,, = o. (6.18)
0 0

In flat (or any maximally symmetric) spacetime, it holds

o L_"
¢ 8rn—2

krnt, (6.19)

where k = (n — 2) /1 is the extrinsic curvature of the (n — 2)-sphere 0¥y and k = 2IC is
the surface gravity corresponding to ¢*. Performing both integrals in equation (6.18) then
leads to

kkY — —kA =0, (6.20)
s

where A and V denote the area of 03y and the volume of g, respectively. This result is
essentially just the well-known flat space relation between the (n — 1)-dimensional ball’s
volume and the area of its boundary, A = (n — 1) V/I. Hence, its recovery serves to check
the consistency of our formalism.

Next, we derive the first law of causal diamonds governing small perturbations of the
metric from the flat spacetime to some other solution of the vacuum WTG equations of
motion. Since 0¢gu, = 0, we can easily see that the symplectic current Q* [0¢, §] vanishes
and, therefore, the perturbation of the Hamiltonian for the evolution along (* vanishes as
well. Then, equation (6.15) directly yields the first law of causal diamonds

1n-2

1 1
50 = H, :/Cm 0,0)dC,y = G—ROA— bV — -

/i/ §In (v/—g/w)d" %z
039
1n-1

8

Im/ §ln (vV=g/w)d" 'z, (6.21)
o
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where 04 and dV denote the perturbations of the area of 0%y and the volume of X,
respectively. In the unimodular gauge and for determinant preserving perturbations, ég = 0,
we reproduce the first law of causal diamonds valid in GR [15].

While the final form of the first law of causal diamonds in WTG is physically equivalent
to the GR one, the term corresponding to the volume perturbation appears in a different
way in both theories. In GR, the perturbation of the Hamiltonian is expressed entirely
as a surface integral and the volume perturbation comes from a non-vanishing symplectic
current, Q [d¢, 6] [15]. In other words, the perturbation of the Hamiltonian corresponding
to the evolution along ¢# does not vanish, 0H; # 0. While 0H; in GR always vanishes
for true Killing vectors, it is in general nonzero for conformal Killing vectors. However, in
WTG Weyl invariance of the symplectic current Q* [0, d] implies that it always vanishes
for conformal Killing vectors and we have § H¢ = 0. Instead of coming from Q* [é¢, 4], the
volume perturbation term instead appears in the first law from the volume integral,

n—2 1 -~ = N
P § IV % v
- /6(167TVVV,)C g + 0 [6] V,.C >dC,“ (6.22)

present in the perturbation of the Hamiltonian (6.15).

7 Discussion

The principal outcome of the paper is an extension of the Noether charge formalism to
WTG, a WTDiff invariant theory of gravity whose solutions are equivalent to those of
GR. Moreover, we have employed it to obtain a statement of the first law of black hole
mechanics, both in vacuum and in the presence of a perfect fluid, and an expression for
WTG Wald entropy. The results turn out to be physically equivalent to those for GR.
However, all the relevant physical quantities (total energy, total angular momentum, black
hole entropy, etc.) are Weyl invariant and reduce to their form valid in GR only in the
unimodular gauge. These findings precisely correspond to what one would expect, given
that the equations of motion of WTG and GR coincide in the unimodular gauge. In this
way, we provide a consistency check for the physical equivalence of both theories.

The equivalence of GR and WTG nevertheless breaks down in two respects. First,
WTG allows coupling of gravity to certain locally non-conservative matter sources. Our re-
sults apply to such cases without any difficulties. Since breaking of local energy-momentum
conservation is sometimes considered in unimodular and WTG cosmological models, our
Noether charge formalism might serve to provide the appropriate conservation laws for
them. Second, the cosmological term in WTG appears as an integration constant, its value
is radiatively stable and, in general, it varies between solutions of the equations of motion.
In this regard, we show that entropy of the de Sitter horizon in WTG and GR has the
same value in the unimodular gauge. Furthermore, we derive a contribution of the vary-
ing cosmological constant to the first law of mechanics for a Schwarzschild-anti-de Sitter
black hole. While such results have been previously obtained in GR, there they require
an ad hoc assumption of a varying cosmological constant (for instance, by appealing to its
interpretation as vacuum energy). In contrast, our approach has the advantage of naturally
demanding a varying cosmological constant, already on the fully classical level.
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While we derived several physically relevant results for WTG, the main purpose of
our work is to introduce a new formalism useful for a systematic study of WTG. Some
possible future applications of it include calculating Noether charges corresponding to the
symmetries of the null infinity in asymptotically flat spacetimes, the Bondi-Metzner-Sachs
group. Since calculations related to the Bondi-Metzner-Sachs group involve a conformal
transformation of the metric, it might be interesting to see the impact of the Weyl invariance
in this case. Another option lies in exploring the conserved quantities corresponding to
dynamics of the background volume n-form and their impact on horizon thermodynamics
(this will require a generalisation of the formalism to gauge field theories, along the lines
of [42]). Moreover, the Noether charge formalism for GR has been used to construct the
solution phase space (see, e.g. [43]). Obtaining the solution phase space for WTG in the
same way might further clarify the (in)equivalence of both theories. We plan to address
these issues in future works.

Originally, the Noether charge formalism was obtained for any local, Diff invariant
theory of gravity, regardless of the form of its Lagrangian. In principle, it should be possible
to similarly obtain a generalisation of the formalism we derived for WTG to any local,
WTDiff invariant theory of gravity. We will address this in a forthcoming paper [44].

Lastly, an extra motivation for exploring WTG comes from thermodynamics of space-
time. It appears that from thermodynamic arguments there emerge gravitational dynamics
equivalent to WTG. Within the presently developed formalism, we will be able to study
this emergence more rigorously and possibly provide a conclusive proof of it. This would
lend further support for the physical relevance of WT'G as an alternative to GR.
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