PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: April 20, 2022
REVISED: December 2, 2022
ACCEPTED: December 2, 2022
PUBLISHED: December 27, 2022

Black hole chemistry, the cosmological constant and
the embedding tensor

Patrick Meessen," Dimitrios Mitsios®? and Tomas Ortin®
“*HEP Theory Group, Departamento de Fisica, Universidad de Oviedo,
Avda. Calvo Sotelo s/n, E-33007 Oviedo, Spain

b Instituto Universitario de Ciencias y Tecnologias Espaciales de Asturias (ICTEA),
Calle de la Independencia, 13, E-33004 Oviedo, Spain

¢Instituto de Fisica Teérica UAM/CSIC,

C/ Nicolds Cabrera, 153-15, C.U. Cantoblanco, E-28049 Madrid, Spain
4 Université Paris-Saclay, CNRS, CEA, Institut de Physique Théorique,
91191, Gif-sur-Yvette, France

E-mail: meessenpatrickQuniovi.es, dimitrios.mitsios@ipht.fr,

tomas.ortin@csic.es

ABSTRACT: We study black-hole thermodynamics in theories that contain dimensionful
constants such as the cosmological constant or coupling constants in Wald’s formalism.
The most natural way to deal with these constants is to promote them to scalar fields
introducing a (d — 1)-form Lagrange multiplier that forces them to be constant on-shell.
These (d — 1)-form potentials provide a dual description of them and, in the context of
superstring/supergravity theories, a higher-dimensional origin/explanation. In the context
of gauged supergravity theories, all these constants can be collected in the embedding
tensor. We show in an explicit 4-dimensional example that the embedding tensor can also
be understood as a thermodynamical variable that occurs in the Smarr formula in a duality-
invariant fashion. This establishes an interesting link between black-hole thermodynamics,
gaugings and compactifications in the context of superstring/supergravity theories.
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Introduction. The realization in refs. [1, 2] that the cosmological constant can be con-
sidered as a thermodynamical variable in the context of black-hole physics has led to a
host of new developments encompassed in the field of black-hole chemistry.! As shown
in [5], other constants defining a theory can also be seen as thermodynamical variables; in
said reference, these constants occur as coefficients of higher-order curvature terms that
are Lovelock densities.

Clearly, the same ideas can be applied to f(R) theories. Such theories can, however,
be rewritten as theories of gravity coupled to a real scalar field with a non-trivial scalar
potential. The form of the potential is related to the function f(R) and therefore contains
the same constants as the function f(R). In ref. [6], one of the authors proposed that the
constants occurring in general scalar potentials can also be seen as thermodynamical vari-
ables in black-hole physics. In gauged supergravity,? though, these constants are related to
the gauge coupling constants, which can be generically represented by the so-called embed-
ding tensor.®> This leads us to conjecture that the embedding tensor itself should also be
regarded as a thermodynamical variable. Testing this conjecture is one of the main goals
of this paper.

'For reviews with many references see refs. [3, 4].
2For a review with many references, see ref. [7].
3For a pedagogical introduction and references, see, for instance, ref. [8].



Wald’s formalism [9-11] provides an efficient method to study black-hole thermody-
namics, once the gauge freedoms of the fields have correctly been taken into account as
explained in refs. [12-14].% Tt is only by doing this that one obtains the work terms in the
first law of black-hole mechanics. However, one does not get all the work terms that are
usually admitted in the literature® because there are no gauge symmetries associated to
all of them: the gauge symmetry of the electromagnetic field gives rise to a work term of
the form ®§Q), where @ is the electric charge and ® is the electric potential on the event
horizon, but there is no additional gauge symmetry that gives rise to the dual term ®§P,
where P is the magnetic charge and ® is the magnetic potential on the horizon. There
is no term proportional to the variation of the moduli, either, because there are no gauge
symmetries associated to them. In addition, closer to our concerns in this paper, there
is no term involving variations of the cosmological constant, for the same reason. One
can make such a term appear as in ref. [19], but since the action of diffeomorphisms on
constants is trivial, this does not happen in a natural way and the physics behind this
variation is unclear. The same happens to coupling constants.

Variations of the cosmological constant are possible in the context of supergrav-
ity /superstring theories, however. In higher-dimensional supergravity /superstring theories
there are higher-rank forms which give (d — 1)-form potentials after compactification to d
dimensions. These potentials are dual to constants which are determined dynamically by
the equations of motion of the potentials. The main example is provided by the 3-form
potential of 11-dimensional supergravity that gives rise to the cosmological constant of
N = 8,d = 4 supergravity [20, 21], but there are many others. Ultimately, however, it is
expected that all the parameters of lower-dimensional theories (which can be collected in
the embedding tensor) can be explained in a similar fashion.

The (d—1)-form potentials dual to the constants do have an associated gauge symmetry.
This suggests that the terms proportional to the variations of those constants in the first law
could arise associated to the gauge symmetry of the dual (d—1)-forms. This possibility was
first proposed in ref. [22] for the cosmological constant. In ref. [23] the full formalism was
worked out for a cosmological constant understood as the charge arising from a 3-form gauge
potential in four dimensions. Later on, in ref. [24] an explicit example of thermodynamics
with variable cosmological constant was first worked out for a Kerr-Newman black hole.
We will explore this idea in a more systematic way here, using Wald’s formalism, for the
cosmological constant and for all the components of the embedding tensor in a toy model.

In section 1, we are going to review the description of the cosmological constant in
terms of a (d — 1)-form potential in the simplest setting: no matter fields. We will show
that one can recover the first law of black-hole thermodynamics of refs. [1, 2] using Wald’s

4A different approach to handle gauge charges based on a “solution phase space” has been proposed in
ref. [15].

®See, e.g. ref. [16], in which terms proportional to the variations of the moduli are included. This
inclusion has been contested in ref. [17].

5One may argue that, perhaps, the procedure proposed in refs. [12-14] produces a Noether-Wald charge
that simply misses terms. However, as shown in ref. [18], the Noether-Wald charge found in this way leads
to a Smarr formula that also contains magnetic charges and potentials in a duality-invariant form, which
suggests that nothing is missing from it.
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formalism treating the gauge symmetry as in refs. [12-14].” Furthermore, we will derive

the Smarr formula using the Komar integral as proposed in refs. [1, 5, 6, 18, 27, 28].

In section 2 we are going to consider a more general example in 4 dimensions, with two
real scalars and a 1-form field coupled to gravity. The theory is invariant under constant
shifts of one of the scalars and this global symmetry can be gauged using the 1-form and
its dual as gauge fields introducing at the same time two coupling constants that can be
combined into a 2-component embedding tensor. This provides the opportunity to test the
conjectured interpretation of the embedding tensor as a thermodynamical variable in black-
hole physics.® As is well known [29-33] the consistency of this kind of electric/magnetic
gaugings demands the introduction of 2-form fields which, in their turn demand the intro-
duction of 3-form fields etc., giving rise to the so-called tensor hierarchy.

Complete tensor hierarchies have been constructed only in a few cases [34-37] and
they show a one-to-one relation between the (d —2)-forms and the global symmetries of the
theory that can be gauged (just 1-dimensional in our toy model), between the (d—1)-forms
and the deformation constants of the theory (just the 2 components of the embedding tensor
in our toy model) and between the d-forms and the constraints satisfied by the deformation
constants of the theory (0 in our toy model). In section 2 we will omit the construction
of the tensor hierarchy of the model and we will directly introduce its fields (the 2 real
scalars, the 1-form and its dual, the single 2-form dual to the Noether-Gaillard-Zumino
current [38, 39] and the two 3-forms dual to the coupling constants) and a democratic
action, based on the one in ref. [31], in which all of them are present and in which the
components of the embedding tensor are not constants, but functions which are forced to
be constant on-shell.”

Then, in section 2 we will study the symmetries and define the conserved charges,
including the Noether-Wald charge and the Komar charge, essentially along the lines of
ref. [42]. We will use the last two to prove the first law of black hole mechanics, to obtain
the Smarr formula and to study the role the embedding tensor plays in both of them.

We will discuss our results and their implications in section 3.

Finally, the appendix contains a, not so successful, search for black hole solutions of
our toy model to which our results can be applied. Unfortunately, it is very difficult to find
charged solutions and we only managed to find an embedding of the Reissner-Nordstrém-
(a)DS solution into the model.

"A derivation of the first law in the presence of a cosmological constant treated as the conserved charge
associated to a (d — 1)-form potential has been carried out in ref. [25] using the formalism proposed in
ref. [17]. The Smarr formula was found in ref. [26]. Our treatment is very similar to the one in these
references, but not identical because we need to work with a democratic action in which the cosmological
constant and its dual occur on equal footing in order to deal with the general problem in section 2.

8This conjecture is clearly related to and in agreement with the conjecture put forward in ref. [26] that
all dimensionful constants in the Lagrangian contribute to the Smarr formula.

9This democratic action is a true action, as opposed to the democratic action of ref. [40], which is a
pseudoaction [41] whose equations of motion must be supplemented by duality constraints to reproduce the
equations of motion of the theory.



1 Dualizing the cosmological constant

The action for pure gravity (described by General Relativity) coupled to a cosmological
constant A in arbitrary dimension d is

1
Slaw] = o=z | 4'=ll (7(0) - (€= (11)

and leads to the equations of motion

(d—2)

G + guwh =0, (1.2)

which can be reduced to just
R;U/ = Agm/ . (13)

The dimension-dependent factor of A in the action has been chosen so as to obtain
this last equation. On the other hand, in the conventions that we are using, when A is
positive (negative), the maximally symmetric solution of the above equations is the (anti-)
De Sitter solution. If we interpret the cosmological term in the Einstein equations (1.2) as
an energy-momentum tensor
(d-2)

Ty = -~
g 167TGS\C,Z)

Aguw (1.4)
and we compare it with that of a perfect fluid —(p+ p)u,u, +pg,, we find that the perfect

fluid is characterized by
(d—2)
p=-p=——7A. (1.5)
167G N

In differential-form language, the action (1.1) takes the form

_1\d—1
S[ea] _ ( 1)

_ 167TG§$)/ [(e” A e?) A Rap — (d — 2) x A] . (1.6)

The equations of motion that one obtains from this action, defined by the variation of
the action, up to total derivatives

55 = /E A e, (1.7)

are given by
167G P By = 10 % (2 A €°) A Ry — (d — 2)1q % A, (1.8)

and it is not hard to see that they can be rewritten in the form

167G\VE, = (—1)%2 {Gab G g 2)gabA} xeb (1.9)

which provides a check of the equivalence of the actions eqgs. (1.6) and (1.1).



As is well known [21], the cosmological constant A can be dualized into a (d — 1)-form
potential that we will denote by C. The dualization can be carried out as follows: first of
all, in order to encompass both the A > 0 and A < 0 cases, we define

A =sign A A2, (1.10)

and promote the positive constant A to a function \(x) that we immediately constrain to

be constant by introducing a Lagrange-multiplier term in the action
1
S[e?] —s S[e%, A, C] = 7@/ (1) 5 (e A ") A Rap
167Gy

= /L.

with the dual (d — 1)-form C' playing the role of Lagrange multiplier. A general variation

+(=1)%(d — 2)sign A% X2 — C A d)] (1.11)

of this action

65’:/{Ea/\ée“+E,\6A+E0A60+d®(gp,5go)}, (1.12)
where ¢ stands for the fields e, A, C, gives the equations of motion and total derivative
167TG§\C,I)EQ =14 % (" N ) A Rye — (d — 2) sign A Nig % X, (1.13a)
167G\PEy = (—1)% 1 [dC — 2(d — 2)sign A * \] (1.13b)
167G PEq = (—1)%d), (1.13¢)
167G\ PO(p,60) = — % (e A e?) A Swap + (—1)?CHA. (1.13d)
We can use \’s equation of motion
A= W*dC, (1.14)
to replace A by G = dC, the d-form field strength of C, arriving at the dual action
S[es, ¢ = m;c;(ﬁ)/ {(-1)(11 (e A ) A Ry + mG*G . (1.15)
The variation of the action, up to total derivatives,
(55:/{Ea/\66“+Ec/\(50}, (1.16)
gives the following equations of motion
167TGS\C,l)Ea =14 * (eb N €e) N Ry + 4Edl_)(;)sign A,GxG, (1.17a)
167G\ PEc = —sign Ad+ G . (1.17b)
Ec = 0 is solved by a constant xG. If the constant is written in the form
* G = (—1)%712(d — 2)sign A X, (1.18)

we recover the cosmological Einstein equations eq. (1.9).



This proves the classical equivalence of the original and the dual formulations, although
the second is slightly more general since the equation of motion of C' can be solved by
piecewise constant \(z)s whose discontinuities can be associated to (d — 2)-brane sources,
which couple in a natural way to the (d — 2)-form C.'°

An important difference between C and A is that the former has a gauge freedom,
under which it transforms as

5,C = dx, (1.19)

where x is an arbitrary (d — 2)-form. These gauge transformations leave the field strength
G and the dual action eq. (1.15) invariant. The action eq. (1.11) is also gauge invariant,
but only up to a total derivative. In any case, this invariance is associated to a conserved
charge, apparently not present in the original system. This charge can be understood in
terms of the branes that source C' and is directly related to A. We study the definition of
this charge in the next section.

Although the actions egs. (1.15) and (1.11) are equivalent, in more complex cases in
which we want to dualize constants that occur in multiple places in the action, one promotes
the constants to fields and adds the Lagrange-multiplier terms with the dual potentials but
one does not take the next step (eliminating the constants using their equations of motion)
because the resulting actions are too complicated. Thus, one stays with actions similar to
eq. (1.11) and, therefore, in what follows, we will work with it.

1.1 The gauge conserved charge

Under the gauge transformation eq. (1.19), the action eq. (1.11) transforms as

\d
5XS:_1M)/dX/\d)\:(1)(d)/d()\dx). (1.20)
167Gy 167Gy

The total derivative is defined up to the total derivative of a total derivative, and we have
made a choice that we will show is adequate to get a non-trivial result.
From eq. (1.12), instead, upon use of the Noether identity dEc = 0, we get
(=1)

d
- /d (AAAY) (1.21)

5 5:/—d(Ech):—
X 167Gy

which, together with the previous result leads to the off-shell identity

-1 d—1
167Gy

This identity implies that, locally, there must exist a (d — 2)-form Qx| such that

J[x] = dQ[x], (1.23)
and it is obvious that
(1)1
Qx| = @ (1.24)
167Gy

19Gee, for instance, ref. [40].



Given a particular solution of the equations of motion {e®, A\, C'}, for each inequivalent
(d — 2)-form that preserves it (i.e. for each harmonic x;,), we can get the conserved charge
contained in a closed (d — 2)-dimensional surface £4~2 with no boundary by integrating

Qlxn] over it

(-2
= 1.25
Al = 1o L (1.25)

where we have used the fact that on-shell ) is constant.

Up to normalization constants, this charge is just the volume of 3%~2 measured in
terms of the volume form ;. Observe that the value of the charge does not change under
the replacement of x;, by xp + de for any (d — 3)-form e. Thus, it only depends on the De
Rahm cohomological class of xj, which is unique (up to normalization) on any compact,
orientable 972 with no boundary. It is natural to use the induced volume form on $(4~2)
that we will denote by Q9" and, then,

Q= (_Dd(;))\wg , where wy = Q(Zd_z) . (1.26)
16wGy xd-2

Thus, up to numerical constants and the volume wy, (not present in rationalized units)
A is the charge carried by C.!!

1.2 The Noether-Wald charge

The action eq. (1.11) is also exactly invariant under diffeomorphisms and local Lorentz

12 We are interested in the Noether charge associated to the invariance

transformations.
under diffeomorphisms (Noether-Wald charge) and, therefore, we start by considering the

variation of the action under diffeomorphisms generated by infinitesimal vector fields &
5c5 = /{Ea A bee® + Bo A SeC + Ex A Seh + dO (o, 660)} - (1.27)
Observe that A must be treated as a scalar field and, therefore
deA = —1ed. (1.28)

However, the infinitesimal transformations d¢ of e* and C' must take into account the gauge
freedom of those fields as explained in refs. [12-14, 43] in such a way that the invariance of
the fields under those transformations for a certain parameter £ (which we will denote by
k) is a gauge-invariant statement. Since, in particular, d; must leave invariant the metric, k
is always a Killing vector. The transformations d¢e® and 6¢C are combinations of standard
Lie derivatives and &-dependent “compensating” gauge transformations

ng = 2ew?® — P (1.29a)
Xe = ZgC - Pg > (1.29b)

"This is, essentially, the same result obtained in ref. [25].
12Under infinitesimal diffeomorphisms it is invariant only up to a total derivative that we will take into
account later.



where
P = vlagtl (1.30)

is the (scalar) Lorentz momentum map, which satisfies for { = k
DP,% = —4,R™ . (1.31)

On the other hand, P is the (d — 2)-form momentum map associated to C, which is such
that, for £ =k
AP, = —u,G. (1.32)

After some massaging, we can write the transformations in the form

556(1 = —(DE* + Pgabeb) , (1.33&)
Sew™® = — (1R + DP") (1.33Db)
55(3’ = —(ZgG + dPg) . (1.33c)

The definitions of the momentum maps ensure that dre® = 6pw™® = §,C = 0 in a
gauge-invariant fashion.
Observe that, on-shell,

wG = (—1)4712(d — 2)sign A Ax k (1.34)
where k = k,dz* if k = k#9,.">Then,
P, = (—1)%2(d — 2)sign A Awy,, (1.35)

where the (d — 2)-form wy, is the d-dimensional generalization of the Killing co-potential
introduced in ref. [1] defined by
dwy, = *k . (1.36)

Although the existence of P, and, hence, of w; was initially guaranteed by the in-
variance of G under dy, we see here that it is also related to k being a Killing vector.
Since on-shell G is, up to constants, the metric volume form, these two facts are obviously
related.

Substituting the transformations eqgs. (1.33) into eq. (1.27), using the Noether identities
associated to the symmetries and performing simple manipulations we arrive at

0¢S = / O(p, dep) + (— 1)dEafa+EC/\P§}E/d®/. (1.37)

Now we must take into account that the action eq. (1.11) is invariant under diffeomor-
phisms and gauge transformations up to total derivatives:

-1 d—1
167Gy

13With our conventions,
wrl= (=) xk.



where we have used the explicit form of the compensating §,& transformation eq. (1.29b)
and the freedom that we have to add total derivatives of total derivatives to obtain a
convenient expression.

We arrive at the off-shell identity

dJg] =0, (1.39)
where
/ (_1)d
J¢ =0+ el + @ [dA A ’LgC + )\dpg] , (1.40)
167G N
and it is not difficult to see that
J[§] = dQl¢], (1.41)

where the Wald-Noether (d — 2)-form Q[¢] is given by

1\
Qi = Y

= 2 Ix(e® NP Pegy + AP:} . (1.42)
167rG§\(f) { : 5}

1.3 The generalized, restricted, zeroth law

A crucial ingredient in the proof of the first law of black-hole mechanics along the lines
of refs. [12-14, 43] are the generalized, restricted zeroth laws. These laws are called “gen-
eralized” because they generalize the standard zeroth law of black-hole mechanics stating
that the surface temperature k is constant over the event horizon H to other thermody-
namical potentials such as the electrostatic black-hole potential. On the other hand, they
are called “restricted” because their validity is restricted to the bifurcation surface BH,*
and because, rather than stating the constancy of a scalar quantity, they just state the
closedness of a given differential form over B#H.'> This is enough for our purposes, though.

Thus, at this point we are going to focus on solutions of the action eq. (1.11) which
describe stationary black-hole spacetimes with a cosmological constant determined by the
value of A\, with bifurcate event horizons that coincide with the Killing horizon associated
to a certain asymptotically timelike Killing vector k. By definition, k£ vanishes over the
bifurcation surface which we denote by BH

. (1.43)

Thus, if all fields are regular over the horizon, it is clear that the inner products of their
field strengths with & must vanish on BH:

uwG 2o, (1.44a)
wRY% 2 0. (1.44b)

One could use the arguments of ref. [44] to extend their validity to the complete event horizon, though.
15 Actually, when dealing with forms of rank higher than 1 (1 would correspond to an electromagnetic
field), it is not clear which other covariant statement could play the role of zeroth law.



Let us consider the first of these properties. According to the definition eq. (1.32), the
(d — 2)-form Py is closed on BH. Being a (d — 2)-form on BH, it must be proportional to
the induced volume form of BH, Qpx:

P = fQpy . (1.45)

Then, the closedness of Py implies that the coefficient f is a constant. This statement
is one of the generalized, restricted zeroth laws of black-hole mechanics that have been
used in refs. [12-14, 43, 45-47] to prove the first law. If we normalize the volume form
such that its integral is equal to 1, f will be proportional to the volume of BH. This is
the thermodynamical potential (“volume”) associated to the thermodynamical variable A
(“pressure”). In order to make contact with the conventions of ref. [6], it is more convenient
to use the Killing co-potential (d —2)-form wy, which due to eq. (1.35), must also be closed
on BH on-shell and, therefore, proportional to the volume form. Thus, we define the
volume ©) by'6

P -2
7]€M):(—1)d_1@>\wk/vk, with VkE/ wr, ©O)=-—signA w, (1.46)
167Gy BH 8GN

so that the volume ©) is positive for aDS black holes (signA < 0).
Following ref. [6], ©) can written as
—1)¢
0, = ()d/zk*av, with V= (d — 2)sign A A2, (1.47)
167G Js " OA

where B is a ball whose radius is that of the horizon and whose boundary is BH. This is
an expression that we will generalize later on.

The property eq. (1.44b) is related to the standard zeroth law of black-hole mechanics
because it implies

DPpay 220, (1.48)

and because, on the bifurcation surface

BH
Pk:ab = KNgp , (1.49)

bngp = —2. Since k is constant

where ng, is the binormal to BH, with the normalization n®
according to the zeroth law, ng, must be covariantly constant on BH. We do not have an
independent proof of this property, which is of purely geometric nature. With this proof
in hand, the zeroth law on BH (dk gl 0) would be a consequence of eq. (1.48). All zeroth
laws (generalized or not) would follow the same pattern since they would state that the
coefficients of the expansion of certain closed (or covariantly-closed) forms in a properly

defined and normalized basis are constant as in refs. [12-14, 43, 45-47].

16 Apart from the sign, there is another difference with most of the literature in black-hole chemistry: this
volume is proportional to A, which is natural for a potential, but, perhaps, not for a volume.

~10 -



1.4 Komar integral and Smarr formula

Before we use the Noether-Wald charge and the restricted, generalized second laws to
prove the first law of black-hole mechanics [48], it is useful to test our results constructing
a Komar integral [49] following refs. [1, 5, 6, 18, 27, 28] and using it to derive a Smarr
formula [50] that can be tested in actual black-hole solutions.

On-shell'” and for a Killing vector k that generates a symmetry of the whole field
configuration, the Noether-Wald current defined in eq. (1.40) satisfies

_1)d
J[k] = 4L + (71)(60)\de. (1.50)
167Gy

On the other hand, J[k] satisfies eq. (1.41) off-shell with & = k, which implies that

(=1)¢

(d)

dQ[k] — L —
167Gy

AP, =0. (1.51)

We can write a Komar integral with volume terms, as in ref. [27], or we can take a step
further and rewrite the last two terms as total derivatives refs. [6, 18]. This is trivial for
the second term. As for the first additional term, if k generates a symmetry of the whole
field configuration,

0= £iL =dyL, (1.52)

and 1, L must be locally exact. Therefore, there must exist a (d — 2)-form wy, such that

: (=1)7
dwy = L+ 7@))\de s (1.53)
167Gy
which leads to the identity
d{Qlk] —wr} =0. (1.54)

Then, the Komar integral over the codimension-2 surface 3%~2 can be defined as the integral
over the Komar charge —{Q[k] — wy} [6]

Rt =~ [ {Qlk - =) (1.55)

In order to determine wy, we first calculate the on-shell value of the Lagrangian density:
tracing over the Einstein equations (1.13a)

e NEq = (d_z)*(eb/\ec)/\Rbc— (d—2)dsign A\ x A
= (-1)*Yd-2) {L+(_1)dSignA*/\2} (1.56)
87TG§$)

S0
(—1)4lsign A

L=
SWG%)

* A2, (1.57)

"Here we use the symbol = for identities that only hold on-shell.

- 11 -



Now, using the equation of motion of A, eq. (1.13b), to replace *A by G and the
definition of the momentum map Py in eq. (1.32) to replace 1,G by —dPy, we get

, —1)4 AP
wl =d {(d(—Q))I&rCI;(JfP} , (1.58)

and 4
—-1)%d—1) AP,
@y = (=D%d-1) (d)’“. (1.59)
(d —2)167GY

The Komar integral is, then

_yd-1
K(x?) = (1&12;(1\,?) /Ed_2 {*(e“ A €®) Py — (;\f];)} : (1.60)

Let us consider the anti-De Sitter case (sgn A < 0): if we integrate the exterior deriva-
tive of the integrand over a hypersurface whose boundary is the union of a spatial section
of a stationary black-hole Killing horizon (the bifurcation surface, BH, for the sake of
convenience) and spatial infinity, S% 2, Stokes’ theorem tells us that

K(BH) = K(542). (1.61)

For the sake of simplicity, let us consider a static, spherically symmetric black-hole
solution: the Schwarzschild-aDS-Tangherlini solution [51], whose metric is given by

_ ) 2m |A|
d52 = Wdt2 — W 1d7‘2 — T'QdQ%d72) y Wlth W =1- 7,‘(17_3 + HTQ, (162)
where @
8rG N M
m= "N 1.63
(d = 2)w—2) (1.63)

w(4—2) being the volume of the unit, round, (d — 2)-sphere, and M the ADM mass.

The event horizon of this solution is placed at some value 7, at which W(r) = 0. The
Hawking temperature and Bekenstein-Hawking entropy can be expressed in terms of 7
even if its value cannot be determined explicitly. They are given, respectively, by [2]

1 _
T [(d=1)(d = 3)m + |Alrf ], (1.64a)
d—2
S = % (1.64b)
and the product ST leads to the Smarr formula
(d—3) 1 wa-prh
M =S5T — Al. 1.65
(d—2) @ (-1 ™ (1.69)

We can evaluate the Komar integral on a constant r surface S92

— Wd-2) | d-2q a1 A
K(54-2) = - {r W' — 2r . (1.66)
167G (d—1)
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At infinity, the second term on the r.h.s. cancels a divergent term coming from W' and
we get the left-hand side of the Smarr relation eq. (1.65). At the horizon, the first term
gives directly ST and we get the right-hand side of eq. (1.65) and we recover the complete
Smarr relation from the Komar integral.

Observe that, since the restricted, generalized, zeroth law guarantees that, over the
bifurcation surface, P is a constant times the volume form, in general we can take that
constant outside of the Komar integral C(B7H). In this simple case, also A can be taken
out of the integral, but in more general cases, only the constant defining the momentum
map can be taken outside the integral. The integral of X is also the integral of xG on-shell,
which gives, up to normalization constants, the associated charge.

Finally, using the definition of ©) in eq. (1.47) and

d—1
T W
x@zljg%ﬁ, (1.67)
the Smarr formula can be written in the form
(d—3)M = (d—2)ST — O\, (1.68)

which is the form that follows from the usual scaling and homogeneity arguments [2, 26,
50].18

1.5 The first law and black-hole chemistry

We are ready to prove the first law of black-hole mechanics in this theory using Wald’s
formalism [9-11].

We consider field configurations that describe stationary, black-hole spacetimes admit-
ting a timelike Killing vector k& whose bifurcate Killing horizon coincides with the black
hole’s event horizon H. k, then, will be given by a linear combination with constant coeffi-
cients Q" of the timelike Killing vector associated to stationarity, t#9,, and the [(d — 1)]
generators of inequivalent rotations in d spacetime dimensions ¢£d,,

M =t Qg (1.69)

The constant coefficients 2" are the angular velocities of the horizon.
The starting point of the proof is the fundamental relation [9-11]

d (5Q[k] +14,©') =0, (1.70)

valid for on-shell field configurations ¢ satisfying the equations of motion and perturbations
of the fields ¢ satisfying the linearized equations of motion.

We are going to integrate this relation over the hypersurface ¥ defined as the space
bounded by infinity and the bifurcation sphere BH on which k = 0. Therefore, its boundary,
0%, has two disconnected pieces: a (d — 2)-sphere at infinity, S% 2, and the bifurcation

oo )

181/ has dimensions of length.
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sphere BH. Using Stokes theorem and taking into account that k = 0 on BH, we obtain
the relation
o [ Qlk=— [, (6Qlk+u®). (1.71)
BH sd2
where we have added conventional minus signs that take into account the minus sign in
our definitions of the variations of the fields under diffeomorphisms.

As explained in refs. [11, 46|, the right-hand side can be identified with 6M — Q"6J,,
where M is the total mass of the black-hole spacetime and .J,, are the independent compo-
nents of the angular momentum.

Using the explicit form of the Noether-Wald charge eq. (1.42)

(™! a n b (=n)*!
—(5 Q[k‘] = 7@ *(e Ne )Pkab+7M5A Pk (172)
BH 167G\ Jsn 167G\ I

The right-hand side of this identity is expected to be of the form T'6.5 + $JO for some
charges Q and potentials ® and/or “pressures” ¥ and “volumes” Oy. In this expression
A plays the role of charge or pressure, while ©), defined in eq. (1.46), plays the role of
conjugate potential or volume. Using egs. (1.18) and (1.46) (sign A = —1)

(-H*!

L _6A | P=©)0). (1.73)
@

167G\ Jn

Using also eq. (1.49) we arrive at

SM = TGS + Q6.J,, + 0. (1.74)

The (unconventional, in black-hole chemistry literature) factor of A present in the
definition of ©) can be absorbed in dA. However, when the cosmological constant arises
as the square of another, more fundamental constant, as in gauged supergravity, this form
of the first law is more natural. Also, in these theories, the coupling constant is often
associated to (d — 1)-form potentials coming from higher dimensions [20].

As a matter of fact, it is always possible to introduce a (d — 1)-form potential dual
to the coupling constants, masses or any other parameters occurring in the action. These
(d—1)-forms are part of what is known as the tensor hierarchy of the theory. At the level of
the action they can always be introduced in the same way we introduced the potential dual
to the cosmological constant: promoting first the parameters to fields and introducing the
dual (d — 1)-form potentials as Lagrange multipliers that constrain the fields/parameters
to be constant. Intuitively, we expect terms in the first law and Smarr formula associated
to all those (d — 1) potentials and, henceforth, to all those coupling constants, masses and
other parameters.

In the next section we are going to consider a very simple model inspired by gauged
supergravity, in which we can test these ideas.
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2 A more general example

In this section we want to consider a more general model which essentially describes two
scalars ¢!, ¢ and a 1-form field A coupled to gravity, represented by the Vierbein e?, in
d = 4. In this model, the invariance under constant shifts of ¢ has been gauged using a
combination of the 1-form A and its dual A as gauge fields with two coupling constants
¥ and 9. By consistency, it is necessary to introduce a 2-form B which can be taken to
be the dual of the Noether current j associated to the invariance under constant shifts of
¢?, so no additional degrees of freedom are added to the theory. Actually, one can write
an action for all these fields which gives the expected equations of motion plus the duality
relations between j and B and between A and A (see ref. [31]).

One can go further, dualizing the two coupling constants into 2 3-forms C and C' as we
have done with the cosmological constant in the previous section, completing the tensor
hierarchy as in refs. [34, 35]. Again, this introduces no new local degrees of freedom.

Before introducing the action that describes this system, we introduce some notation:
the coupling constants, their dual 3-forms, the 1-form and its dual and the 0- and 2-form
gauge parameters are collected in symplectic vectors ¥y, CM, AM oM M a5 follows:

1) = (9.9) (AM)E@)’ ) <g>

5 (2.1)
MY _ [~ M _|[© M\ — [ X
e)=(7) =) w=(3)
The field strengths are defined as
D¢? = do? — Iy AM | (2.2a)
FM = gAM 4 9MpB | (2.2b)
H =dB, (2.2¢)
GM =dCM + AM Axj + L9MB A B+ §M2B A (xF - F), (2.2d)
where
i=(0)"Dé?, (2.3)
and 6™~ is 1 for C' and zero for C. Under the gauge transformations
5¢2 _ 79MUM7 (24&)
SAM = do™M — M A | (2.4b)
0B = dA, (2.4c)
SCM = dxM — oM 5 j —I9MAANB — 6M2EAN (xF — F), (2.4d)

the above field strengths are on-shell invariant only. More precisely, D¢?, FM and H are
gauge invariant up to terms proportional to dd,;, while the 4-form fields strengths G are
gauge invariant up to terms proportional to d¥j; and to equations of motion that establish
relations of duality among the fields. Nevertheless, the action that we are going to use is
off-shell gauge invariant, up to total derivatives.
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Suppressing the normalization factor (167TG§3))_1, for the moment, the action takes
the form
S = / {5 (" A e A Ry + 3d6" A xdg! + L(61)*De? A +Ds?
) ) (2.5)
+LF AF + 9B A (F - %193) —CM A iy +*V(¢)} ,

where the potential is assumed to be a function of ¢! only and of the two coupling constants
9,9 which are needed for dimensional reasons; for the same reason they must appear in
it quadratically, so that the potential is a homogeneous function of degree two, i.e. the

potential satisfies
oV
Ipyy=——=2V. 2.6
MO0 (26)
The second and third terms in the second line of the action are gong to be referred to
as “additional”: they are topological and do not contain kinetic terms.

The equations of motion are defined by the general variation of the action

55 = / [E, A 5c" + E160' + Edd?® + Egu ASAY +Ep A 5B + Ecur A 5CY

(2.7)
+Eg,, A 60 +dO (i, 5p) }
The equations of the 3-forms are just
Ecv =diyy, (2.8)

so that the ¥y, are (piecewise) constant on-shell, as intended.
The Einstein equations only involve the field strengths of the fundamental fields ¢!, ¢2
and A because the additional terms are all topological:

Ey =% (€A e?) A Reg+ 1 (zad¢1 x dt + dot A g x d¢1)
+3(6")? (1aDg? + D + D A 14+ Dg?) (2.9)
+ 2 (1 NKF —F Nig*F) — 1% V.
Observe that the dual fields A, B occur in the energy-momentum tensor through the field

strengths D¢? and F.
The additional terms do not involve the scalars, either, and, therefore

ov

E| = —dxd¢' + ¢'D¢? A xDg? + 5T (2.10a)
Eo=—-dx*j, (2.10Db)

Furthermore, they do not involve A and, therefore,
Ep=—dxF+9%j. (2.11)

Now, let us consider the equations of motion of the dual fields which give duality
relations. The equation of motion of A,

Eg=v+j—d(JB), (2.12)
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gives the duality relation between ¢? (the current j) and B (its field strength H) on-shell,
when dd = 0.

The equation of motion of B,
Ep =1 (+xF - F), (2.13)

is the duality relation between A and A.

The equations of motion of the components of the embedding tensor are

ov
A9y

Eg,, = ~GM +x (2.14)

On-shell these equations are the duality relations between the components of the embedding
tensor ¥); and the 3-forms CM as given in [34]

ov

M _
G _*8291\4‘

(2.15)

In the framework of this theory, these duality relations are only non-trivial when the
corresponding component of the embedding tensor occurs in the scalar potential. However,
it is clear that if those parameters'® also occur as coefficients of terms of higher order in
the Riemann curvature, the duality relations will be non-trivial as well.

Once the duality relations implied by the equations of motion of the dual fields
A, B,CM and the embedding tensor 9, are taken into account, the action we are studying
describes a very simple model of a vector field and two scalars, one of which is charged
with respect to the vector field, its dual or a combination of both, coupled to gravity. The
use of the dual vector field as a gauge field is, perhaps, unusual, and demands the presence
of the 2-form B, but we can always eliminate this aspect of the model by setting ¥ = 0.

Finally, ® receives contributions from the variations of e?, ¢', ¢, AM 9y, but not from
those of B or CM | which occur in the action with no derivatives:

O(p,5p) = — % (e A €¥) A Swap + *xdp ot + %jd¢p? +«F AGA

_ " 2.16
+IBAGA+CM59,, . (2.16)

As we have mentioned, the action is invariant under gauge transformations up to a
total derivative that takes the form

Sgange’S = / d{OA N dA+9pdx M} (2.17)

This total derivative is only defined up to total derivatives and we can make use of
this freedom to obtain gauge-invariant results, if need be.

19Here we are referring to all dimensionful parameters of the theory, not necessarily associated to gaugings
and, therefore, not conventionally included in the concept of embedding tensor.
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2.1 Gauge conserved charges

We are going to study the effect of all the independent gauge transformations simultane-
ously. We will denote all of them by d,. From the general variation of the action eq. (2.7)
we get

5gS = / {E26g¢2 +E u AdgAM + Ep A 6;B + Ecu A 6;CM 4+ dO(p, 5gg0)} . (2.18)

with
O (i, 0gp) = %ji0g? + %F NSgA+ OB NS A. (2.19)

Substituting the above d, variations and the expressions for the equations of motion
and operating, we arrive at

0gS = / dO®'(p, %) , (2.20)

with

©'(p,05) = O, 0gp) — xjnro™ + 0dx F 4+ 5d (0B) =3 (xF = F) A A — didag A XM
=d(oxF+0B)+IdANN—diy AxM. (2.21)

On the other hand, the action is only gauge invariant up to the total derivative in
eq. (2.17) that we can write, for the sake of convenience, in the form

5,5 = /d [GdA A A+ 0prdx™ —d (JANK)] = /d [And(90) +oudx™]. (2:22)

and combining this result with the previous one we arrive at the off-shell identity

/ T =0, with J=0'(p.050) ~ AAd(IA) — Darax™ | (2.23)
which implies, locally
J=dQ, (2.24)
where
Q=0xF+50B+I9ANN—IpxM. (2.25)

Now we must identify the Killing parameters o™, A, x™ that generate transformations
that leave invariant all the fields.

The 2-form B is left invariant by 1-forms which are closed, so A = h + da, for a
harmonic 1-form h and an arbitrary function . However, the 1-forms AM are invariant
for functions o™ such that do™ = 9™ (h + da), which implies that ~ = 0 and o™ =
WMo 4+ BM | for arbitrary, constant symplectic vectors M. The invariance of ¢? implies
that 9y M = 0. If 9y # 0, then M = 9M3 for a single arbitrary constant /3, but
when 9); = 0, M is arbitrary. Finally, the invariance of C™ implies that the 2-forms
YM =9Ma+ BMB 4+ QM + deM where €M and QM are, respectively, symplectic vectors of
1-forms and harmonic 2-forms. The (pullback of the) latter are proportional to the volume

~ 18 —



of the 2-dimensional space on which the charge 2-form is going to be integrated and we

can write, with a slight abuse of language w™ = v Qgy. Summarizing:
oM = 9Mu 4 M| (2.26a)
A = da, (2.26b)
M =9Ma+ BB + M Qg + de™ (2.26¢)
with
I M =0, dx QM =0. (2.27)

When the fields are on-shell, these Killing parameters give rise to several independent
conserved charges in the 3-volume V' with compact boundary oV:

Electric charge: associated to 3, which can set to 1:2°

-1
= — *I'—9B) . 2.28
e /. ) (2.28)

If we deform OV without crossing any sources (i.e. points at which the equations
of motion are not satisfied.), the difference between the charges will be, via Stokes
theorem, the volume integral

A dF IB 2.29
Q= / x ) (2.29)

whose integrand vanishes on-shell.

2-form charge: associated to the function «

- / [a(*F—ﬁB)eraAA]:l/avd(é’afl)z()- (2.30)

Qo= —x5
167G Jov 167G\

3-form charge: associated to the space which we are going to integrate over,?! it is just
its volume (surface)

V] = / Qv - (2.31)
ov
We can also define a magnetic charge
1 / <
=— F+9B), (2.32)
167Gy Jov ( )

which is conserved in the same sense as the electric one thanks to the Bianchi identity
instead of the equations of motion. This charge can be combined with the electric one in
a symplectic vector

(g) — (QM) : QM — 16;(1;(4) (FM—ﬂMB> . (2.33)

20This is the upper component of 3.
2IThere are no non-trivial charges associated to the 1-forms €™ because the integrand is, again, a total

derivative. We have normalized ¥ M'\/M =1.
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2.2 The Noether-Wald charge
2.2.1 Transformations of the fields

As usual, we want to define transformations d¢ that annihilate all the fields of a given solu-
tion in a gauge-invariant way for certain parameters & = k which are, in particular, Killing
vectors. We have to combine standard Lie derivatives and k-dependent (“compensating”)
gauge transformations into gauge-covariant Lie derivatives.

It is convenient to start by analyzing the 2-form B through its gauge-invariant 3-form
field strength H = dB. Due to the Bianchi identity dH = 0

(SEH = —ngH. (2.34)
When & = k, there must exist a momentum map 1-form Py such that
dPy, = —y H . (2.35)

Now, the transformation of B is the Lie derivative plus a gauge transformation with a
§-dependent 1-form parameter Ag

(5§B = —d2§B — ZgH + dAg . (2.36)

When & = k we can use the definition of the momentum map 1-form Py to get

d(uB—Pr—A;)=0 (2.37)
which is solved by the choice
Then, we define

0¢B = — (1eH 4 dPy) (2.39)

where the 1-form P¢ is the momentum map 1-form P when { = k. With these definitions,
0B = 0 automatically and in a gauge-invariant fashion.
Let us now consider the gauge-invariant 2-form field strengths F'M:

6 FM = —die FM — 1dPM = —die PM — o (a0 A B+ 0V H) (2.40)
On-shell and for £ = k

upon use of the definition of P;. Then, locally, there must exist momentum maps P,g” such
that
wFM —9MP, = —dPM,, . (2.42)

The transformation of the 1-forms A is (minus) their Lie derivative plus a gauge
transformation with a ¢-dependent 1-form parameter A¢ which has to be the same we
determined before and a gauge transformation with £&-dependent 0-form parameters aé‘/f

5 AM = —die AM — 1. dAM + do ! — 9V A

2.43
= —dig AM — 1 FM + do}' + 9V Py . (2.43)
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When € =k

opAM = —d (AM - PM — o)) =0, (2.44)
which is solved by the choice
oM =AM — pM (2.45)
Therefore, we define
O'é\/[ =AM — PgM, (2.46)
and
6eAM = — (1eFM 4+ dPM — 9V P) (2.47)

where, when £ = k, PEM and P¢ are, respectively, the momentum map 0- and 1-forms.
Again, 6,AM = 0 automatically and in a gauge-invariant form.
¢! is a scalar, and transforms in the standard way

Sept = —Lep! = —edop’t . (2.48)

This transformation is assumed to vanish for £ = k.
The scalar ¢?, however, transforms non-trivially under gauge transformations. It is
convenient to analyze, first, its covariant derivative, which is, actually, gauge-invariant.

5¢DP? = —dig D> — 16dD? = —daeDB* + Ipp1e FM . (2.49)
On-shell and for £ = k the following identity must hold
—d (D¢ + I PM) =0, = uD¢* =—IuP}, (2.50)

where cré\/[ defined in eq. (2.46). The transformation of ¢? is a combination of (minus) the
Lie derivative and a gauge transformation with parameter O'éw

0e¢? = —1ed¢? + Oyl = —eDg? — 0y PM (2.51)

and 05,42 vanishes identically by virtue of eq. (2.50).

Let us consider, finally, the 3-forms. As usual, it is convenient to study their 4-form
field strengths first. They are gauge-invariant on-shell only. By assumption, and because
these are 4-forms in 4 dimensions

0=06GY = —dy.GM, = dPM = —uGM, (2.52)

defining the momentum map 2-forms P2%. The transformations of the 3-forms C* must
be a combination of their Lie derivatives and gauge transformations with the parameters
Ué” , A¢ that we have already determined and, possibly Xéw :

5eCM = e CM — 1 dCM + dx ) — o % j— 9MA AN B — M A A (xF = F)
= —d (1eCM = xT) = 1cGM + PM s j — AM Nk (2.53)
+0MPe A B+ 6M [Pe A (xF = F) + B Arg(xF — )| .
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On-shell and for £ = k
6,CM = —d (szM — ¥ - pM P A AM) +PMH+ P AFM, (2.54)
We can show that the last two terms are, locally, a total derivative:

d(PkMH+PkAFM) = dPMH +dPy AFM — 9MP A H

(2.55)
=y FANH—yHANFM = — (FAH) =0.
Thus, we define the 2-form XQA/,[C by
PMH + P AFM =adX2. (2.56)
Absorbing it in the definition of Pg[k, which now satisfies
AP = - GM + PMH + P A FM (2.57)
we conclude that
okCM = —d (u,CM ! = PYl, =P A AM) =0, (2.58)
which is solved by
M = ,0M — PM — P A AM. (2.59)
Then, we arrive at the definition
0eCM = =1 GM — dPH + P AFM + PM s j — AM A (1 % j + dPy)
. - . 2.60
+ M [Pe A (+F = F) + B A ig(xF — F)] (2.60)
which vanishes automatically for & = k.
Summarizing, the transformations that we are going to consider are
(5€€a = —(D{“ + Pgabeb) R (2.61&)
Sew® = — (4. R™ + DP:"), (2.61b)
Sept = —edot (2.61c)
Sed? = — (z5D¢2 1 ﬁMPg”) , (2.61d)
6eAM = — (1ePM 4 dPM — 9V P) (2.61¢)
5£B = — (ZgH + dPg) s (2.61f)
0¢CM = — (1 GM + dPY =P NFM — PM s j) — AM A (5 5 j + dP)
+ M [Pe A (F = F) + B Aag(xF — F)| (2.61g)
5519]\4 = —ngl?M, (2.61h)
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and the momentum maps 0-, 1-, and 2-forms satisfy

DP," = —, R% (2.62a)
dPM, = —y FM 4 9MPp, | (2.62b)
dPj = —yH , (2.62¢)
dP¥. = —u,GM + PMH + P, A FM. (2.62d)
Furthermore, when & = k
1 D¢? = 9y PM. (2.63)

2.2.2 Transformation of the action

Substituting the above transformations of the fields in
(555 = / {Ea A (5§€a + E15§¢1 + E255¢2 +E u A 5§AM +EpA (5§B +Ecm A (5§CM

+Eg,, A detr + dO(p, bep) } |
(2.64)
integrating by parts and using the Noether identities we are left with

0¢S = /dG’(tpﬁgtp), (2.65)
with
O’ (¢, 6e) = O(p, ¢p) + £ Eq+ PME yor =P A (EB +Ecum A AM) + P ANEqu . (2.66)

Under these transformations, the action transforms into the integral of a total deriva-
tive, that we have chosen so as to obtain a final gauge-invariant result:

555’ = /d {*’LgL + 1§Z§B A\ d_[l + /Nl Ad (&Pf) — dﬁM A (ZgCM — Pg A AM) — ﬁMdPC%} .
(2.67)
Equating this result for 0.5 with the one in eq. (2.65) we arrive to the identity

/ dI[e] =0, (2.68)
with

J[E] = ©'(¢, d¢¢) + 1L~ Vg BAdA— ANd (IP¢) +dias A (1eCM — Pe A AM ) 400d P

(2.69)

Simplifying this expression we get
J[§] = dQl¢], (2.70a)
Qle] = *(e" A €") A Peay — (Pex F + 0P B+ JA N Pe — 0 PY) . (2.70b)

The second term in this formula, the one in parenthesis, should be compared with the
2-form charge associated to gauge transformations eq. (2.25).
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2.3 Generalized, restricted, zeroth laws

We just need to adapt the discussion in section 1.3 to the model at hand, which has more
fields. On the bifurcation surface BH we have

apM —9Mp, Zo, (2.71a)

ap, o, (2.71b)

dPM, — pMpg P, AFM g, (2.71c)
9 PM 0. (2.71d)

These equations are equivalent to the equations that the Killing parameters discussed
on page 18 must satisfy: first of all, the second equation implies that P, = h+da, where h
is a harmonic 1-form on the bifurcation surface and « and arbitrary function. However, the
first equation tells us that h has to be removed from that identity and P,gw =9Mq 4+ M
for M which is constant over the bifurcation surface. The last equation implies that
M = 9M 3 if 9y # 0, but it is arbitrary when 957 = 0. The third equation takes the form

Pl — (M a+ M) dB — da N FM = d (PY, — aF™ — g B) Z o, (2.72)

and, summarizing, we have??

PM B yMy, 4 sM (2.73a)
P, 2 da, (2.73b)
PY, E aFM 4 M B 4 MO, (2.73¢)

where ™ is a constant symplectic vector and Qpy is the volume 2-form of the bifurcation
surface; from eq. (2.71d) we have
DB =0. (2.74)

The components of the constant vector M can be interpreted as the electric and
magnetic potentials over the bifurcation surface and the fact that they are constant is
the generalized zeroth law restricted to the bifurcation surface. It is unclear whether this
property can be extended to the whole event horizon in this particularly complex model
or, at least, it is unclear how to prove it. However, we will not need this proof. As the
M are the thermodynamical potentials associated to the electric and magnetic charges,
we will denote them by

oM =pM = with (M) = (%) : (2.75)

Observe that eq. (2.74) becomes a constraint on these potentials:

Iy ®M =0. (2.76)

22Compare with eqs. (2.26).

— 24 —



Even though this constraint follows directly from our definitions, it is nonetheless
surprising and the following interpretation may be helpful: observe that the gauge trans-
formations (2.4a) and (2.4b) imply that, on-shell, the field ¢? is a Stiickelberg field for the
combination ¥, AM | which therefore behaves, on-shell, as a massive vector field. The con-
straint (2.76) then states that the electric part of the (massive) combination 93, AM cannot
give contributions on bifurcate surfaces, which is in accordance with previous results on
massive vector fields in black hole spacetimes, see e.g. refs. [52-54].

The components of the constant vector ¥ are the thermodynamical potentials (“vol-
umes”) associated to the thermodynamical variables ¥, (“pressures”). Again, in order to
make contact with the conventions of ref. [6], we can define the potentials ©M

,YM

— =MV, (2.77)
16%G§3)

where Vpy is the volume of the bifurcation surface
Vigy = / Vs . (2.78)
BH

The fact that the vector ©M is constant over the bifurcation surface is another gener-
alized, restricted, zeroth law

There is no role for the function a: there are no conserved charges associated to the
gauge transformations d5 and « will also drop out of the Smarr formula.

2.4 Komar integral and Smarr formula

We are now ready to construct the Komar integral for this theory along the lines explained
in section 1.4. It provides a highly non-trivial check of the Noether-Wald charge.

Let us consider a field configuration that satisfies the equations of motion and an
infinitesimal diffeomorphism £ = k that generates a symmetry of the whole field configura-
tion. Then, since (¢, é¢yp) is linear in d¢ ¢, it vanishes when £ = k and, since the equations
of motion are satisfied, so does (i, 5¢¢). Then, from the definition eq. (2.69) we find that?

I[K] = uLi—eBAdA—ANd (TP¢) +don A (1eCM ~PeAAM) 400 dPY. (2.79)
On the other hand, by construction,
0SS =0, (2.80)

and, thus, the total derivative in eq. (2.67) evaluated for £ = k, which coincides with the
on-shell value of J[k] in eq. (2.79), must vanish identically and, locally, there is a 2-form
wy, such that

deog = yLi— DB AdA— ANd (P¢) +dias A (wCM = Py A AM) 4 9 dPY), = I[K].
(2.81)

23 As before, we use = for identities that only hold on-shell.
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Since we also have J[k] = dQ[k], we conclude that
d{Qk] — @y} = 0. (2.82)

In order to compute the Komar charge — {Q[k] — wy} we proceed as before, taking
the trace of the Einstein equations (2.9)

€N By =—2L+F A«F +20B A (F = J0B) = 20M Ndiy — 25V (2.83)
and, on-shell (xF' = F and dd; = 0)

wL = 3 (wF + 20uB) AP+ (F+20B) AF —99uBAB -y V.  (2:84)
Combining this result with the other terms and operating, we get
wh = DB A dA — AN d (TPg) +dong A (kM =P A AM) +90dPY,

= %’19]\/[ (Pk AdAM — B/\dP]iV[> —Zk*V-l-d(Q?MPé/[k - %Pkd;l— %Pde — QgAAPk)
(2.85)
Let us now consider the term involving the scalar potential: using the fact that the
potential is a homogeneous function of the embedding tensor, eq. (2.6), and the on-shell
Y equation of motion, eq. (2.14), we obtain

V= 3G = You (—dPY + PMH + P A FM) (2.86)
After use of the definition of the 2-form momentum map P2, in eq. (2.62d), we arrive at

dewy =yl = DiB A dA— ANd (TP¢) +ddur A (uCM = Py A AM) 4 0y dPY,

N N o (2.87)
= d (30 PYy — 1 PdA — LBdA — Lou P B+ GANPY) .
Combining this result with eq. (2.70b) we obtain the Komar charge
. -1 a
QK] -} = —— {He N A Pyay + 5 Pear FM = 300 PELY . (2.88)
167Gy

This is a manifestly (formally) symplectic-invariant result [18] that reduces to the
result obtained in section 1.4 if we eliminate the scalar and 1-form fields; it reduces to the
Einstein-Maxwell result upon setting the embedding tensor to zero.

We can now proceed as in section 1.4 to derive the Smarr formula through the identity
between the Komar integrals over the bifurcation surface and at spatial infinity eq. (1.61).
At infinity

K(S2) = ——

ap b 1 M_ 1 M 1
=/, {*(e Ne)APyap+ 3 Pt F —519MPG,€}:§(M—QJ), (2.89)
167Gy /5%

essentially by definition. Over the bifurcation surface, using the generalized, restricted, ze-
roth laws egs. (2.73), the definitions of the potentials egs. (2.75) (2.77) and of the definitions
of electric and magnetic charges eq. (2.33), we get

K(BH) = ST + 10,Q" — 19,0M, (2.90)
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and we obtain the Smarr formula
M = 25T 4+ QJ + QM — 9,0M. (2.91)

In the derivation of this formula we have implicitly assumed that the momentum maps
which give the electrostatic and magnetostatic potentials vanish at spatial infinity and,
thus, only their values at the horizon (or, more precisely, at the bifurcations surface BH)
occur in the Smarr formula. Otherwise, ®;; would be replaced by the differences between
the potentials at BH and at infinity. Similar boundary conditions can be demanded to
higher-rank momentum maps in asymptotically-flat spaces and, obviously, they will be
assumed in the derivation of the first law as well. Imposing these boundary conditions
is possible because the restricted, generalized, zeroth laws only indicate the closedness of
certain differential forms which, therefore, are only defined up to the addition of exact forms
(constants for scalar momentum maps). We would like to stress that this ambiguity, which
has no effect on the final results, does not indicate dependence on the gauge transformations
of the fields of the theory even it is similar to a gauge freedom.

In order to check the Smarr formula eq. (2.91) we need explicit analytic solutions of
the equations of motion of this model, but this is quite difficult, as the attempt made in the
appendix shows. However, it is clear that, had we considered an additional cosmological-
constant parameter A\ in the theory, we would simply have obtained an additional term
—AO, in the above formula. That formula should remain valid when the embedding tensor
is set to zero, in which case the theory reduces to the cosmological Einstein-Maxwell theory.

Observe that, due to the constraint eq. (2.76), only one combination of the electric and
magnetic potentials occurs in the above formula and, henceforth, only one combination of
the electric and magnetic charges does.

2.5 The first law and black-hole chemistry

It is not necessary to repeat here all the steps that lead to the first law
SM =T5S + Q6T + 86Q + 0™ 59, . (2.92)

Observe that, as usual, only the variation of the electric charge and its associated
electric potential occur in the first law. This could be due to a limitation of the techniques
that we are using. Nevertheless, if the magnetic counterpart of the ®5() term was present,
due to the constraint eq. (2.76), there would be a combination of electric and magnetic
charges the mass of the black whole would be independent of. We will comment upon this
point in the discussion section.

3 Discussion

In this paper we have shown how the variations of the cosmological constant and other
dimensionful constants occurring in a theory of gravity can be consistently dealt with and
understood in the framework of Wald’s formalism and how they enter the first law of black-
hole thermodynamics and the Smarr formula. In the example that we have completely
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worked out in section 2, the constants that we have considered can be seen as components
of the embedding tensor (a very simple one since there is only a 1-dimensional symmetry
to be gauged) and our result proves the conjectured role of the embedding tensor as a
thermodynamical variable.

A very interesting aspect of the Smarr formula is that, if it is general enough and
it includes all the charges a black hole can carry and all the moduli of the theory under
consideration, then it has to be invariant under all the duality transformations. Observe
that duality transformations act on the moduli and charges but leave the mass, temperature
and entropy invariant because the Einstein metric is left invariant by them. In ref. [18]
we showed that, in the context of pure N' = 4,d = 4 supergravity, indeed, the term
involving the electric and magnetic potentials and charges is formally symplectic invariant.
This automatically implies its invariance under the SO(6)xSL(2, R) duality group of N' =
4,d = 4 supergravity since all the 4-dimensional duality groups act on the 1-form fields as a
subgroup of the symplectic group [38]. The same happens in the very simple example that
we have considered here but we have also seen that the term involving the embedding tensor
and its conjugate thermodynamical potential is also electric-magnetic duality invariant as
it should, according to the general arguments given above. In more general models the
embedding tensor is denoted by ¥4™, where the index A runs over the Lie algebra of the
symmetry group of the theory. The terms that must occur in the first law and in the Smarr
formula must be, respectively, of the form

— 0y 69,4M, and + 04 04M. (3.1)

Thus, in general 4-dimensional theories with an arbitrary number of 1-form fields

labeled by I, we expect the first law and the Smarr formula to take the general form?*

M =T8S + Q6J + &;6Q" — 043,604 , (3.2a)
M = 25T + QJ + ®,,QM + 04,94 . (3.2b)

We expect to verify the validity of this general formula in more general models of gauge
supergravity in forthcoming works.

Concerning the particular model that we have constructed and studied in section 2
to test these ideas, as we pointed out before, only one combination of the electric and
magnetic potentials may occur in the first law. Therefore, there would be a combination of
electric and magnetic charges the mass of the black holes of this theory would not depend
on. In order to check this quite unusual property it is necessary to find the most general
black-hole solutions of the theory. This is a very complicated problem. In the appendix we
have managed to find solutions with one charge (the embedding of the Reissner-Nordstrom-
(A)DS black hole in this theory) for a particularly simple choice of embedding tensor, but
these solutions are not general enough to check whether this property, predicted by the
first law, that is true.?® Further work in this direction is necessary and under way.

2%,,QM = o'Q; — &, P

Z5Here we are assuming that the complete first law should include a term proportional to the variation
of the magnetic charge that we still do not know how to incorporate in our formalism. This is a problem
on which we hope to report in forthcoming work.
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A Searching for solutions

We would like to have a black-hole solution of the theory introduced in section 2 in order
to test the general results that we have derived. For the sake of simplicity, we set 0 = 0
(electric gauging) and we set ¥ = g, constant. We can set B = 0 (so F' = dA) and ignore
C'. The equations of motion that remain to be solved are

Eq =10 % (“Ne?) A Reg + 1 (zadgbl e dot + dot A g * d¢1)

+%(ZQD¢2*j+D¢2/\za*j)

+ 5 (F A*F —F Ngx F) =1, %V, (A.1a)
E, = —d*d¢1+¢1D¢2/\*D¢2+*§Z1, (A.1Db)
Ey=—-dx*j, (A.lc)
Es=—dxF+9%j, (A.1d)

equated to zero.
In the search for solutions, it is convenient to express these equations in component

language:
G+ % (0:6'0,6" — 30,(061?) + 3 (Dus®is — 20,0 D%,
—% (Fusz/p - iguvﬁa) + %guvv =0, (A.2a)
2
~V26 4 ¢! (DO?) — 0V =0, (A.2b)
~V,uj* =0, (A.2¢)
VﬂF/’LV — g]y =0. (AQd)

We are interested in static, spherically-symmetric solutions with a metric of the form
ds® = Adt* — X\~'dr? — R*d)}, (A.3)
where A and R are functions of r to be determined and

A0y = b + sin® Odp? . (A.4)
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The timelike Killing vector is k& = 0; and we assume that it generates a diffeomorphism
that leaves invariant all the fields. This means that

ot =0, (A.5a)
Dy¢* = 01¢* — gAr = —gPx, (A.5Db)
Ftﬂ = —8/L_P]€ . (A5C)

If we assume that the electromagnetic field is electric and we work in the gauge in
which the only non-trivial component is A; and it is only a function of r, then the scalars
¢"2 only depend on r as well and

P, = Ay (A.6)

The r component of the Maxwell equation (A.2d), tells us that
" =0, = ¢ = constant. (A.7)

This automatically solves eq. (A.2¢) and simplifies eq. (A.2b), which can be written in
the form upon use of eq. (A.6)

1

/
= (B2AY) + g*¢" AT PE = 0,3V = 0. (A.8)

The ¢t component of the Maxwell equation takes the form

1

= (RR) + 22 0P = 0. (A.9)

Now it is the turn of the Einstein equations. We can, first, take the trace
R+ 1(09")? + 3(¢")*(D¢*)* —2V =0, (A.10)
and use it in the original equations to simplify them
R/W + %8ﬂ¢1a'/¢1 + %(¢1)2DM¢ZDV¢2 - % (FupFup - iguuFQ) - %g,“,V = O, (A.lla)

The components of the Ricci tensor for the above metric are

Ry =—3AR72 (R2Y)' Ru = —A\"2Ry + 2R"/R, N
Ry = 3 [A®?)] —1 Ry, = sin? 0 Ry . 1)
We only need to consider the 06, tt, rr, components. In this order, they are
LA®Y) -1+ 1R (B + LRV =0, (A.13)
~IART2 (RN + 3P (01 PE + 1A (P’ — AV =0, (A.13b)
IR (RQ/\/>/ +2R"/R+ 1(¢")? = I (PP + IV =0, (A.13c)
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Eliminating common factors etc.

(B — 2+ LR (P)’ + RV =0, (A.14a)
(R2)\’)/ — PR (¢N)2PE — LR? (P)* + R*V =0, (A.14b)
(R2X) + 2RR" + AR (8"} — LR? (F})” + R*V = 0. (A.14¢)

The difference between the last two equations is
— @AM PE —2R"/R — \(¢')? =0. (A.15)

These equations are very difficult to solve in general. We are going to make a simpli-
fying assumptions that ¢! = 0 and

OV =0, and V(¢'=0)=2A. (A.16)

$1=0

Eq. (A.8) is solved automatically and the combination eq. (A.15) is solved by
R=ar, (A.17)

where we have eliminated an integration constant through a shift of  and where the integra-
tion constant a will be set to 1 to give metric at spatial infinity the standard normalization.
We are left with the following equations:

(P) =0, (A.184)
2(Ar) =2+ 12 (P)? +2Ar%2 =0, (A.18b)
(7‘2)\’)/ — 3 (PL)? +2Ar2 = 0. (A.18¢)
The first equation is solved by
pl=2 (A.19)

r2’

for some other integration constant that we call, again, a. Then the other two equations
take the form

2(Ar) =24 a*r 2+ 2Ar7 =0, (A.20a)
(r2>\/)/ —1a®r? + 2Ar% = 0. (A.20Db)
Combining these two equations we can eliminate the terms that depend on a:
2v)” 2
(r2A)" =2+ 4Ar? = 0. (A.21)

We can integrate it immediately:

b c A
=14+ -4+ — — =92 A.22
A +r+7’2 37', ( )
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which corresponds to the Reissner-Nordstrom-(anti-)De Sitter (RN(A)DS) metric [51]. As
a matter of fact, substituting the above value of A in either of the previous equations, we
find that

c=a/4, (A.23)

and, since a is, up to constants, the electric charge, the identification of the solution with
the RN(A)DS solution is confirmed.

The amount of charges and fields active in this solution are clearly unsufficient to test
the results obtained in the main body of this paper. However, it has proven impossible for
us to obtain more general solutions using more general ansatzs and more careful gauge-
fixing procedures. Finding black-hole solutions of systems like the one at hands is usally
a very difficult problem (see, e.g. ref. [54]). Other methods or (much better) other, more
interesting and richer models should be used and work in this direction is already under
way.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.
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