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We consider the thermodynamics of rotating and charged asymptotically de Sitter black holes.

Using Hamiltonian perturbation theory techniques, we derive three different first law relations in-
cluding variations in the cosmological constant, and associated Smarr formulas that are satisfied
by such spacetimes. Each first law introduces a different thermodynamic volume conjugate to the
cosmological constant. We examine the relation between these thermodynamic volumes and asso-
ciated geometric volumes in a number of examples, including Kerr-dS black holes in all dimensions
and Kerr-Newman-dS black holes in D = 4. We also show that the Chong-Cvetic-Lu-Pope solution
of D = 5 minimal supergravity, analytically continued to positive cosmological constant, describes
black hole solutions of the Einstein-Chern-Simons theory and include such charged asymptotically
de Sitter black holes in our analysis. In all these examples we find that the particular thermody-
namic volume associated with the region between the black hole and cosmological horizons is equal
to the naive geometric volume. Isoperimetric inequalities, which hold in the examples considered,
are formulated for the different thermodynamic volumes and conjectured to remain valid for all
asymptotically de Sitter black holes. In particular, in all examples considered, we find that for fixed
volume of the observable universe, the entropy is increased by adding black holes. We conjecture

that this is true in general.

PACS numbers: 04.50.-h, 04.50.Gh, 04.70.Bw, 04.20.Jb

I. INTRODUCTION

That black holes have a temperature proportional to
their surface gravity and obey a version of the first law of
thermodynamics is a notion that has been of continued
interest for over three decades. Studies of black holes that
are asymptotically flat or anti de Sitter (AdS) have been
carried out in considerable detail, with many corrobora-
tive results indicating that such objects indeed behave as
thermodynamic systems. Thermodynamic equilibrium is
straightforward to define, and (depending on the kind of

* Ibdolan@thphys.nuim.ie

T kastor@physics.umass.edu
 [dkubiznak@perimeterinstitute.ca
§ rbmann@uwaterloo.ca

9 [traschen@physics.umass.edu

black hole and its asymptotics) a variety of interesting
phenomena emerge, such as large/small AdS black hole
phase transitions [1]. An interesting new development in
the study of black hole thermodynamics was the proposal
that the mass of an AdS black hole should be interpreted
as the enthalpy of the spacetime. This notion emerges
from geometric derivations of the Smarr formula for AdS
black holes which suggest that the cosmological constant
should be considered as a thermodynamic variable anal-
ogous to pressure in the first law [2-17]. Further, this no-
tion led to a reverse isoperimetric inequality conjecture
[8] for AdS black holes, which says that for fixed ther-
modynamic volume, the entropy of an AdS black hole is
maximized for Schwarzchild AdS. Since black holes in a
spacetime with positive A are of interest in cosmology, in
this paper we study these issues for de Sitter black holes.

Studies of asymptotically de Sitter (dS) black holes
are somewhat more sparse, and need to confront two in-
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teresting and related issues. It is fundamental to the
first law for asymptotically flat black holes that there is
a Killing field which is timelike everywhere outside the
black hole and hence can be used to define the mass.
Adding a multiple of the rotation Killing field to this
timelike Killing field gives the generator of the horizon,
and the Killing generator defines the temperature. The
same is true with negative cosmological constant. How-
ever in de Sitter there is no Killing field that is timelike
everywhere outside the black hole, including infinity. Al-
though generalizations of the first law in de Sitter were
considered quite some time ago [18], a further key is-
sue is that an observer in any static patch of the space-
time is between two horizons, each with its own distinct
constant surface gravity. It is consequently unclear how
to understand the thermodynamics of such spacetimes,
since there is neither thermodynamic equilibrium nor an
asymptotic region where a conserved mass-energy can be
definedl. Various approaches have been taken toward
addressing this problem, yielding mixed results.

In this paper we consider the thermodynamics of de
Sitter black holes, focusing on the cosmological constant
as a thermodynamic variable together with its conjugate
potential. To highlight the correspondence with classi-
cal thermodynamics we also work with the pressure P
related to the cosmological constant A according to

A

—3

P= (1.1)
as it would be in a perfect fluid stress-energy. The po-
tential conjugate to P is a volume V', which we will call
the thermodynamic volume as in [4, I§].

It was found in [3] that the thermodynamic volume of
a Schwarzschild-AdS black hole is equal to the geometric
volume V' of the black hole interior, computed using the
full D-dimensional volume element on a ¢ equals constant
slice. The relation between thermodynamic and geomet-
ric volumes was studied in [§] for a variety of charged
and rotating AdS black holes. Equality between the two
volumes was found to hold only in the static case (includ-
ing charge), while with rotation the volumes differ by a
simple correction term. It was also conjectured in [§]
and verified for a variety of black hole spacetimes that
the thermodynamic volume satisfies an inequality with
respect to the black hole horizon area that is precisely
the reverse of the isoperimetric inequality of Euclidean
space.

In this paper we will carry out a similar exploratory
study of thermodynamic and geometric volumes for
asymptotically de Sitter black holes. An important new
feature in this case is the need to distinguish between

1 Some consideration has been given to defining a mass-energy-like
quantity at future/past infinity in asymptotically dS spacetimes
[19-21]. Positivity of a conformal mass defined in this context
was shown in [3(0)]

several different thermodynamic volumes. The geomet-
ric derivation of the first law and Smarr formula for AdS
black holes [3] takes place on a timelike hypersurface
stretching outward from the black hole horizon to spa-
tial infinity. For dS black holes, we will see that addi-
tional relations are obtained by alternatively considering
the region stretching outwards to infinity from the black
hole and cosmological horizons, or the region between the
black hole and cosmological horizons. Each of these in-
troduces a different thermodynamic volume. We denote
the thermodynamic volumes associated in this way with
the black hole and cosmological horizons by V;, and V.,
while reserving V for that associated with the region be-
tween the two horizondd. The different thermodynamic
volumes may be thought of as arising from different ther-
modynamic ensembles, e.g., V} arises from varying the
cosmological constant with the black hole horizon area
held fixed, while V7, is relevant if instead the cosmologi-
cal horizon area is fixed.

Turning to specific examples, for Kerr-de Sitter black
holes we find that V}, and V, are equal to their geometric
counterparts V;, and V. only for static spacetimes, each
differing by a simple expression when the black hole has
angular momentum. These relations are the same as in
AdS [8]. However, for the region between the two hori-
zons the rotation-dependent differences cancel, so that
V = V' holds in the rotating case as well. In line with
this result, we find that the thermodynamic volumes V},
and V, satisfy reverse isoperimetric inequalities, while V'
satisfies a true isoperimetric inequality. These inequal-
ities may be interpreted as bounds on combinations of
the black hole and cosmological entropies at a fixed ther-
modynamic volume. In particular, in all examples con-
sidered, we find that for fixed volume of the observable
universe, the entropy is increased by adding black holes.
We conjecture that this is true in general.

Our results for charged rotating black holes are less
general. In four dimensions, one has the Kerr-Newman-
de Sitter spacetimes and in this case we find results that
simply extend those of the zero charge case. In five di-
mensions we consider charged, rotating black holes of
D = 5 Einstein-Chern-Simons theory with positive cos-
mological constant We find that an exact solution for
such black holes can be obtained from the gauged super-
gravity solution of Chong, Cvetic, Lu, and Pope [29], by
analytically continuing the gauge coupling to obtain posi-
tive values of the cosmological constant. We compute the
thermodynamic volumes Vj,, V. and V for these space-
times and verify that V' coincides with the geometric vol-

2 Similar results have been obtained by Cai [22,[23] and by Sekiwa
[24] in more limited contexts (see also [23] and [26]). A study
of the thermodynamics of asymptotically flat and AdS rotating
black holes that included both inner and outer horizons, which
has elements in common with our approach, was recently carried
out |21].

3 For a discussion of higher-dimensional charged rotating (A)dS
black holes constructed numerically see, e.g., [28].



ume. While we are able to analytically verify the isoperi-
metric inequality for a singly-rotating Chong-Cvetic-Lu-
Pope black hole, because of the complexity of the expres-
sions we have not been able to analytically complete the
study of isoperimetric inequalities for the most general
case. We have, however, strong indications from numer-
ical analysis that such inequalities remain satisfied.

The outline of our paper is as follows. In the next
section the three first laws and the corresponding Smarr
formulae are derived using the Hamiltonian perturbation
techniques. The thermodynamics of the Kerr-deSitter
black holes in all dimensions is discussed in Sec. [IIl while
the isoperimetric inequalities involving the correspond-
ing thermodynamic volumes are discussed in Sec. [Vl
The charged de Sitter black holes, their thermodynam-
ics and isoperimetric inequalities are studied in Sec. [Vl
Sec. [T displays results on compressibility and speed of
sound for black hole horizons. Sec. [VII] is devoted to
the summary. Appendix [A]discusses the Nariai limit and
the corresponding thermodynamic volume in between the
horizons.

II. FIRST LAW AND SMARR FORMULA

In this section we apply the Hamiltonian formalism of
general relativity [31433] to derive the first law relations
for rotating dS black holes including variations in the cos-
mological constant. As noted above, we will actually find
three different first law relations associated with different
choices for the hypersurface and the Killing vector which
enter the derivation. Two of these relations are linearly
independent. Each version of the first law leads to an
associated Smarr relation via an overall scaling.

A. Gauss’ law for perturbations with /A

The essence of this Hamiltonian perturbation theory
method is as follows. In Einstein gravity with cosmolog-
ical constant, suppose one has a black hole solution with
a Killing field. Now consider solutions that are pertur-
batively close to this background solution, but are not
required to have the original Killing symmetry. The lin-
earized Einstein constraint equations on a hypersurface
can be expressed in the form of a Gauss’ law (see [31]), re-
lating a boundary integral at infinity to a boundary inte-
gral at the horizon. The physical meaning of this Gauss’
law relation depends on the choice of Killing field, as well
as on the choice of hypersurface. Taking the generator [*
of a Killing horizon, together with an appropriate choice
of a spacelike hypersurface, yields the usual first law for
variation of the mass [32] for asymptotically flat or AdS
black hole spacetimes.

Assume we have a foliation of a spacetime by a family
of hypersurfaces denoted by ¥ and the unit timelike nor-
mal to the hypersurfaces n®, n-n = —1. The spacetime

metric can then be written as

Gab = Sab — MaMp , (2.1)
where s, is the metric on the hypersurfaces ¥ and satis-
fies s,°ny = 0. As usual, the dynamical variables in the
Hamiltonian formalism are the metric s, and its canon-
ically conjugate momentum 7% = —/s(K%® — Ks%).
Here Ky, = s,°Venyp is the extrinsic curvature of a hy-
persurface ¥ and K stands for its trace, K = K%,. (Sim-
ilarly later we define m = 7%, and h = h%,.) We consider
Hamiltonian evolution along the vector field £, which
can be decomposed into its components normal and tan-
gential to ¥ according to

&4 =Fn® + g%, (2.2)
with F' = —£ - n denoting the lapse function and 8¢ the
shift. The gravitational Hamiltonian which evolves the
system along £* is then given by H = FH + $*H, with

H=—2Gunn® = — RO~V 4 i( ™ )
= a |S| D 5 ” ,
Hy = —2Gaen"sf = =2 Da(|s|#7).. (2.3)

Here R(P~D is the scalar curvature for the metric sqp
and D, is the derivative operator on the hypersurface
Y. With a cosmological constant stress-energy 8n1} =
—Agj, the constraint equations become

H=-2\A, H,=0. (2.4)

Let g4, be a solution to the Einstein equation with
cosmological constant, and assume that £¢ is a Killing
vector of gqp. Now let the metric Gap = gap + gap be the
linear approximation to another solution to the Einstein
equations with cosmological constant A+dA. Denote the
Hamiltonian data for the background metric by sqp, 7,
the corresponding perturbations to the data by hqp =
0Sap and p® = §7% and the linearized Hamiltonian and
momentum constraints by §H and 6 H, .

It was shown in [31-33] that a particular linear com-
bination of the perturbed constraints can be written as
a total derivative, F6H + 5*6H, = D,B®, where the
vector B® is given by

B“[¢] = F(D"h — Dyh™) — hD"F + h** Dy F
1

Vsl

On the other hand, since hgp, p® solve the linearized
constraint equations with the cosmological constant per-
turbed by dA we also have FOH + f*0H, = 20A&%n, =
—2§AF and therefore

+ ﬂb (WthcdSab — 27 hye — 2pab) . (25)

D,B* = —2F)A. (2.6)
This has the form of a Gauss’ law relation with source
proportional to FJA. In [3,134] it was shown that since
&% is a Killing vector, this source may also be written as



a total derivative. We define the Killing potential w? as-
sociated with £ to be an antisymmetric tensor satisfying
Vew® = ¢, (2.7)

The lapse function can now be written as F =
—D.(wn;) and the relation (28] becomes
Do(B® — 26Aw™n;) = 0. (2.8)

Let V be a volume contained in ¥ which has inner and
outer boundaries OVjy, oy¢. Integrating the differential re-

lation (ZB) over V gives

/A dar. (B[] — 26 Aw™ny)
OVout (2.9)
= / dar. (B°[¢] — 25Aw0bnb) .

Here we have let r. denote the unit normal on each
boundary, with the convention that 7° points into V' on
the inner boundary and out of V' on the outer bound-
ary, i.e. “towards infinity” on both boundaries. In the
following we will consider different cases, in which these
boundaries may be taken to be at the black hole horizon,
the de Sitter horizon, and at infinity.

The different boundary integrals have important ge-
ometrical meanings. For an asymptotically flat or AdS
black hole the variation in the ADM mass and angu-
lar momentum are given by the boundary integrals at
infinity using the time translation (9/0t)* and rotation
(0/0¢)® Killing vectors, respectively. Also, the integral
of the boundary term over the horizon using the horizon
generating Killing vector is proportional to the surface
gravity times the change in area of the black hole. Ex-
plicitly,

16moM = —/ dar.B°[0/0t], (2.10)

1671'5J:/ dar.B°[0/0¢] , (2.11)

26p0Ap = — / dar.BC[0/0t + Q,0/0¢], (2.12)
h

where M and J are the ADM mass and momentum, kp
is the surface gravity, and A, is the area of the black
hole. When evaluating the boundary term on the black
hole horizon we have assumed that it is a bifurcate Killing
horizon and made use of the fact that the Killing gener-
ator vanishes on the bifurcation sphere.

Hence for A < 0, we see that taking ‘A/m to be the
black hole horizon and V,,; the boundary at infinity,
equation ([29) with dA = 0 gives the usual first law
IM = Kkp0AR/(8T) + Q,0T. We now turn to evaluating
the boundary terms in (23) for different choices of Vj,
and Vout and now with the variation in the cosmological
constant assumed to be non-vanishing.

B. First law in de Sitter with /A and Smarr
formula

There are several features of dS spacetime that are
different from AdS or Minkowski that make the nature
of a first law in dS distinct. Infinity in an asymptoti-
cally dS spacetime is a spacelike surface. Cosmological
space-like slices asymptote to one corner of the confor-
mal diagram. In Schwarzchild-like coordinates, surfaces
of constant ts.p., become timelike outside the cosmolog-
ical horizon, and end at spacelike infinity. Likewise, the
static Killing field £* = (9/0tschw) is space-like outside
the horizon to infinity. One can use this Killing field to
define an ADM charge at infinity, but it does not have the
usual interpretation of a mass in the sense of Noether’s
theorem. On the other hand &% is timelike between the
black hole and cosmological horizon. This situation leads
to three natural first law constructions in a black hole dS
spacetime—from the black hole horizon to infinity, from
the cosmological horizon to infinity, and between the two
horizons. Only two of these are independent, as the con-
struction between the horizons is the difference between
the other two.

We first consider the first law construction outlined
above for the region V' contained between the black hole
and cosmological horizons, rather than running the inte-
grals out to infinity as in the asymptotically flat or AdS
cases. This will give a relation between the variations
of the two horizon areas, and does not include a mass
parameter.

Let us first consider the contribution generated by the
Killing vector (0/0¢)*. The variation §J in the angu-
lar momentum is still given by equation ([2I1)), but now
evaluated in an asymptotically de Sitter spacetime. Us-
ing equation (Z9) with the inner boundary taken to be
the de Sitter horizon and the outer boundary at infinity
one has

167T5j:/ dachc[a/aw]:/ dar.B°[0/0¢)].
o ds

(2.13)
So dJ is also given by evaluating the boundary integral
on the de Sitter horizon. The Killing potential term does
not contribute because we can connect the boundaries
with a slice having normal n, proportional to V,t, and
hence the lapse function F = —n,(0/0¢)® in equation
[2X5) vanishes.

Substituting the generator of the black hole horizon
(0/0t)* + Q1 (9/0¢)* into the boundary integrand on the
black hole gives the same result as in the asymptotically
flat case, so that equation (2I2)) continues to hold. The
generator of the de Sitter horizon (0/0t)* 4+ Q.(9/0p)®
substituted into the boundary term on the de Sitter hori-
zon gives a similar result

2|ke|0 A = dareB*[0/0t + Q.0/0¢] ,
s

(2.14)

with appropriate care taken for the signs. We have intro-
duced the explicit absolute value signs on k. for clarity,



since the definition of surface gravity gives k. < 0. Fi-
nally, noting that the boundary vector (23] is linear in
the Killing field, one finds that the integral of the bound-
ary term for the black hole horizon generator over the de
Sitter horizon may be written as

/ dara B[00t + 00/00) = (2.15)
das

keS8 Ae + 167 (2 — Q)87 .

The derivation of the first law is then completed by
substituting the generator of the black hole horizon
/0t + Q,0/0yp into the Gauss’ law integral identity (2.9)

and using (2.12) and (2I5) to arrive at

knbAp |HC|5A VA
8 81 81

+ (= Q8T =0, (2.16)
where the positive [cf. expression (BI5) below] thermo-

dynamic volume V is defined by

V=- (/ darenyw® — / darcnbwd’) .
ds bh

The Smarr relation for rotating black holes in de Sitter
spacetime follows by integrating the first law under a
scaling transformation. The scaling dimensions of A and
J are D — 2, while A has dimension —2, giving

knAnp
8 8

(2.17)

|Ke|Ae B B VA
+(Qn— Q)T = 747_‘_(1) ) .

(2.18)

Let us now identify the positive cosmological constant
A with the negative thermodynamic pressure as in (L.T]),
P = —8% < 0, commensurate with the definition in the
anti de Sitter case [13]. With this definition we get the
following forms for the first law and the Smarr relation
respectively (including the possibility of more than one
rotation parameter)

0=Th6Sn +T:65,

+Z (% —Q)6J = VP,  (2.19)
OZThSh-f—TS
3 7 1 2
+ZQ — Q)"+ 55 PV, (220)

where we identified the horizon area with the entropy
S = f and have defined the cosmological and black hole

|5l

temperatures to be the positive quantities T, = 5= and
T = &
27"

C. Going to infinity

One can essentially repeat the derivation of section [ Bl
in two additional cases: i) one takes the slice to go from
the black hole horizon to infinity (passing through the dS
horizon), and ii) the slice extends from the cosmological

horizon to infinity. Consequently one obtains two addi-
tional first law relations and associated Smarr formulae,
one for each horizon. In both cases, the expressions in-
volve a quantity M which would be the ADM mass in the
flat and AdS cases. In the dS case however, such a quan-
tity is “conserved in space” (rather than in time) due to
the spacelike character of the Killing field (0/0t)® in the
region near infinity. Keeping this (important) distinction
in mind, we shall refer to M as the “mass” [20], and use
it as a book-keeping device.

For the black hole horizon we then get the first law
relation
QL)8T" + VP,

OM =TydSh+ > (9 — (2.21)

where the quantities Qi allow for the possibility of a
rotating frame at infinity (see, e.g., reference [|35]), M
is given via the boundary integral

16m6M = —/ dar. (B°[0/0t] +2 6A wikng) , (2.22)

and the thermodynamic volume V}, is given by the ex-
pression

Vh:/ darcnd(de—wgg)—/ darengw (2.23)
o) bh

The quantity w2% appearing in equations ([222) and
[223) is the Killing potential of the background de Sitter
spacetime, without the black hole. These contributions
serve to make each of the quantities 0M and V}, finite.
See reference [3] for an in depth discussion of this point in
the asymptotically AdS case. The corresponding Smarr
formula, obtained from the first law by overall scaling, is
then given by

D-3 7 7 7 2
oM = ThSh+ZQ —QL)J =55 PV, (224)

We see from the first law ([2.21]) that the thermodynamic
volume V}, may be interpreted as the change in the mass
under variations in the cosmological constant with the
black hole horizon area and angular momentum held
fixed.

For the cosmological horizon, we use the Gauss’ law

relation (2.9) with the corresponding horizon generating
Killing vector (9/0t)*+Q.(0/0¢)® to obtain the first law

OM = —T.68. + Y (QL— QL )6J +V.6P.  (2.25)

The minus sign in the first term on the right hand side
arises because the surface gravity k. of the de Sitter hori-
zon is negative, while the corresponding temperature 7T,
is taken to be positive. The thermodynamic volume V,
for the cosmological horizon is given by

ch/ darenf(wef—wzg)—/ darenpw® . (2.26)
o) ds



Finally, the Smarr relation that follows from (228]) by
scaling is given by

D-3 - D 2
HgM =TS+ ;(Qg ~ Q)T 55 PV..
(2.27)

We see from the first law ([2:25) that the thermodynamic
volume V. gives the variation in the mass assuming that
the area of the cosmological horizon, as well as the angu-
lar momentum, is held fixed, which is distinct from the
conditions defining the thermodynamic volume Vj,.

The first law (2I9]) discussed in the previous section,
which concerns only the region between the black hole
and cosmological horizons, can now be understood as
a consequence of subtracting the formulas (22I) and
[223). We see from the explicit expressions of the ther-
modynamic volumes V' in (2I7) and V4, V, in (223) and
[224)) that they satisfy the relation

V=V.-V. (2.28)
The Smarr formula (2.20)) for the region between the hori-
zons is similarly given by the difference between equa-

tions (2:24) and ([2:27]).

III. THERMODYNAMICS OF
KERR-DESITTER BLACK HOLES.

We now turn to the example of Kerr-deSitter black
holes. The D-dimensional Kerr-(A)dS spacetimes [36, 37]
are solutions to the Einstein equations

2A
Rab = 77 o\ Jab

(D-2)
that generalize the asymptotically-flat rotating black hole
solutions of [38]. The thermodynamics for the Kerr-AdS
case was studied in [35]. In the asymptotically dS case
the metric in ‘generalized’ Boyer-Lindquist coordinates
takes the form

2 2 9\ g2, 2M al aipidp; 2
ds? = —W(1 = g*r)t + 2 (war — Y7 HEEL)

—1

i=1
r?+af o, Udr?
+; Ez (:uz <P1+ H1)+X_2m—|—€r v
2 N o o ,
g re+a; )
* W (1= g2r2) (Z; =, pidp;+er l/du) ,(3.1)
where 2A = (D — 1)(D — 2)g? and
N o N
W= %‘LE”Q’ X =r21-g?) [J0? +a}),

i=1 " i=1

N
4 ) = 22
U= (1—;r2+a?), 2 =1+ g%a?. (3.2)

Here N = [(D — 1)/2], where [A] means the integer part
of A, and we have defined € to be 1 for D even and 0 for
odd. The coordinates u; are not independent, but obey
the constraint

N
Zuf +ea?=1. (3.3)
i=1

A. Even dimensions

In even dimensions (D = 2N +2), the thermodynamic
quantities are calculated as follows. For the cosmological
horizon, we have

r2+a? A
Sc: %AD_Q Hiﬂ_ t—

15 4
T, — re(1 — g?r?) Z 1 i 1+ g°r2 ,
2 — e +a; 47r,
(-
Q= < 3.4
¢ r2+a? (3.4)
while the ‘mass’ and angular momenta read
Ap_ 1 iAp—
M= D2 J; = diD—2 (3.5)

47THjEj f Ei7 47TEZ'HJ-EJ‘7

where the cosmological horizon radius 7. and black hole
horizon radius rj, are solutions to
1 1

o = —(1—a2r2 24,2 = (122 2. 2y

m rc( g Tc)lZI(TC_FG%) Th( g Th) U(Th+az)
(3.6)
The quantity Ap_o is the volume of the unit-radius
(D — 2)-sphere, and is given by

op(D-1)/2
r(D-1)/21°
Using the Smarr relation ([2.27) one finds that the ther-

modynamic volume V, associated with the de Sitter hori-
zon is given by

reAc 1— g%r? a?

c = 1 < —

Ve= 50 +(D—2)TEZZ_:EZ-
reAe 8

= idi . 3.9

D_1 (D= )(D—z)zi:“ (39)

Given that the Smarr formula (Z27)) was derived from the

first law (228, it also follows that the quantities ([B.4I),

B3), and (BH) satisfy the cosmological horizon first law.
Similarly, for the black hole horizon we have

r? + a? Ap,
Sh=131Ap ., [[ 21— =

=i 4’

Ap_o = (3.7)

(3.8)

T, — rn(1—g%r3) Z 1 14 g*r?
27 2 4 g2

drry,

o - Logmo

3.10
r? + a? (3.10)



while the thermodynamic volume calculated from (2:24)
reads

rnAp 1—927% a?

Vi, = 14+ —" s 3.11

SRS IRV
rnAp

= Wi (3.12)
D—1+(D—1 —22“

The horizon quantities (310), B3H), and BII) then sat-
isfy the black hole horizon first law ([22T]).

The expressions for the thermodynamic volumes V. in
B3) and V}, in (3I2) have the same form as one another
and also as the result for V3, in the Kerr-AdS case [g]. As
in [§] the first terms in these expressions for V, and Vj,
are equal to geometric volumes, respectively denoted by

V= g“_‘lcl . V=

rpAp
D-1’

(3.13)

contained within the horizon, which are obtained by in-
tegrating the full D-dimensional volume element over the
region on a t equals constant slice between r = 0 and the
horizon radius%

We see from [B.3) and BI2) that the thermodynamic
volumes V. and V}, differ from their geometric counter-
parts V! and V}/ by precisely the same amount. It then
follows that the thermodynamic volume V' = V,—V}, that
enters the first law (ZI9) and Smarr relation (2.20) for
the region between the two horizons is exactly equal to

its geometric counterpart V' = V! — V| with
’I”C.AC ’I”hAh
V=V = — . 3.14
D-1 D-1 (3.14)

In particular, for the Schwarzschild-dS spacetimes we get
the following ‘manifest’ geometric relation

Ap
V= D_i(ch_Tf[L) 1)'

The quantities (3.4), G3), BI0), and B.I4) satisfy the
first law of black hole thermodynamics (219) and the

Smarr relation (2.20).

(3.15)

B. 0Odd dimensions

In odd dimensions (D = 2N + 1), the following ther-
modynamic quantities get modified: the mass

m.Asz 1 1
M = — _— =
47THj Ej (; Ez 2) ’

4 A similar formula holds also in odd dimensions, but the integra-
tion now proceeds between 2 = —a? . where a2 . is the small-
est among the values of the squares of the rotatlonal parameters

min min
a?. Note that in an even dimension such amz automatically

1
equals zero.

(3.16)

n

the cosmological horizon entropy and temperature

— )
4r,. =i 4

re(1 — g?r?) 1 1
27 Zirg—i—af +27Trc’

and the black hole horizon entropy and temperature

2 2
SCZ.AD_Q HT‘C-FGZ- _.Ac

T, =

Ap_o r24+a2 A,
S, = h T 7 _ 720
T T, H =R 4

ra(l— g*r?) 1 1
Ty = - .
h 2 ; r2 +a? 2wy,

The other quantities, including Q) and ¢, and J; remain
of the same form, with m related to the cosmological and
black hole horizon radii according to

(3.17)

1
om = 5 (1=gr2) [[(r2 ) =

1
= (1=g*}) [T} +a?).
h i

(3.18)
It is easy to verify that the thermodynamic volumes V,

V. and V}, again take the form [B.14), (B.8]) and BI1]) and
that all the quantities satisfy the Smarr relations (Z20),

@24), 227) and the first laws (Z19), 21) and (Z23).

%

IV. ISOPERIMETRIC INEQUALITIES
A. Euclidean space

The isoperimetric inequality for the volume V of a con-
nected domain in Euclidean space EP~! whose area is A
states that the ratio

R ((D—l)V)ﬁ (@)m

T i (4.1)

obeys R < 1, with equality if and only if the domain is
a standard round ball. That is, for a fixed volume, the
area that surrounds the volume is minimized when the
volume is a ball.

B. Reverse isoperimetric inequalities for V;, and V.

Kerr-AdS black holes have been shown to satisfy a
‘reverse’ isoperimetric inequality [8], with the thermo-
dynamic volume bounded from below, rather than from
above, in relation to the horizon area. We find similar
results in this subsection for the thermodynamic volumes
Vi, and V. associated with the black hole and de Sitter
horizons. Both satisfy reverse isoperimetric inequalities
in relation to the corresponding horizon areas. Novel re-
sults will arise, however, when we consider the region
between the horizons. We will find that a true isoperi-
metric inequality bounds the thermodynamic volume V
of this region from above in terms of the horizon areas.



Consider first the black hole horizon where we take
the volume V entering the isoperimetric inequality to be
given by the thermodynamic volume of the black hole
horizon

1-— g2r,2L a?
14 S0 NNy )
(D —2)r2 £~ E;

3

rrAn

V=Ve=p

and the area A to be the black hole horizon area

Ap_2 ’I‘h+a
A:Ah:{Arh 11_—[[r,+a7
D-2 * 5
The statement now is that the corresponding ratio R

defined in (1), similar to the AdS case, satisfies the
reverse isoperimetric inequality,

D odd

4.3
D even. (4.3)

R>1, (4.4)

with equality if and only if there is no rotation. This may
be rephrased as stating that for Kerr-dS spacetimes with
a fized thermodynamic volume Vy, the black hole entropy
Ap/4 is mazimized for Schwarzchild-dS. As in the AdS
case [8], we conjecture that a similar statement holds for
any asymptotically dS black hole.

The proof of (@A) for Kerr-dS follows closely the one
for Kerr-AdS in [8]. We define a dimensionless quantity

1_
and consider RP~1. In odd dimensions we find
1 (r? +a?)1- 1=
][ T
Ry H =
z (r? +a3)1- 7=
= | ol
+D—2_ 1:[ r,%:l
z 2 1 (L2 2((%112))
2 155 [ (E s+ 5]
S o] B ZE 7,
R '[1+ 2 }_%fﬂ) (4.6)
= = z .
L D —2] D—-1 ’

where the inequality follows from the AG inequality (in-
equality relating the arithmetic and geometric means)

(H l/N Z i

for non-negative quantities z;, and the equality follows
from ([@LF) and the definition Z; = 1 + g%a?. Noting that
F(0) =1, and that
dlog F(z) (D—-3)z
dz - (D-2)(D-2+2)(D—-1+22)’

(4.7)

(4.8)

which is positive for non-negative z in D > 3 dimensions,
it follows that F'(z) > 1, and hence the reverse isoperi-
metric inequality (£4) is satisfied by all odd-dimensional
Kerr-dS black holes.

In even dimensions the calculation is similar. One finds
that

RO — {1+ DZ_Z} “—[ (7‘%:@?)}*&2

—1

B z 17 (r? +a)1- 7=
=t p 2l H = }
_ -
>
__1+D—2__ (Z ;r,%:l)}
r AR 2z -3
Ry sy B Ly s g () (49)

Thus G(0) = 1 and dlog G(z)/dz > 0, and so again we
conclude that R > 1. Thus the reverse isoperimetric in-
equality holds for even-dimensional Kerr-dS black holes
also. It further follows via direct substitution that identi-
cal results hold for the cosmological thermodynamic vol-
ume V. and horizon area A.. One can therefore state
that for Kerr-dS spacetimes having a fized value of the
cosmological thermodynamic volume V., the cosmological
horizon entropy A./4 is mazimized by the Schwarzchild-
dS spacetime.

C. True isoperimetric inequality for the
thermodynamic volume V between the horizons

Let us now focus on the thermodynamic volume V' of
the region between the black hole and de Sitter horizon.
Recall that in section [IITl we found that for Kerr-deSitter
spacetimes V' coincides with the geometric volume V' be-
tween the horizons. We now want to ask whether V sat-
isfies some sort of inequality with respect to the horizon
areas.

Consider the Kerr-dS black hole in any dimension. For
the purposes of establishing a bound, we will choose to
work with the volume parameter V given by the geomet-
ric volume of the de Sitter horizon,
TCAC >V = TCAC _ ThAh ,
D-17 D-1 D-1
which is manifestly greater than or equal to the thermo-
dynamic volume V. For the area A we take the area of
the de Sitter horizon

A=A <A+ A=A

which is less than or equal to the total area A of the black
hole and de Sitter horizons. With these choices for V and
A we then find, following [8], that the ratio R defined by
([&1) is given in all dimensions D by

_ (HRi)—m, R —

Since one always has Tiz > g2 each term R; > 1; conse-

V= (4.10)

(4.11)

1+af/r?
1+ g%a?

(4.12)
quently

R<1. (4.13)



On the one hand, this inequality might look trivial, since
the volume and area being compared are as in Euclidean
space. The interesting thing is that this simple geometric
volume is what arises in the Smarr relation, and that this
is true even with rotation.

The quantities V and A, and hence also the quantities
V and A, therefore satisfy a true isoperimetric inequality.
Fquality , R =1, is attained in (I3 if and only there
is no black hole (V = V), in which case r2 = 1/¢?. Since
in this case we also have A = A we may formulate the
following result: For a fized thermodynamic volume V in
between the black hole and dS horizons the total entropy
S = A/4 is minimized if there is no black hole. Note
that if instead choosing (V,.A) as in (£I0) and (@II) we
chose V = V and A = A the departure of R from equality
would be even more severe.

We have seen that the thermodynamic volume V' be-
tween the two horizons is the same as the geometrical
volume V', even with rotation. So fixing V is like fixing
the size of the observable universe. Hence another way
of stating the isoperimetric inequality is that for a given
size of the observable universe, the entropy interior to
the cosmological horizon is increased by adding a black
hole, even though the black hole pulls in the cosmolog-
ical horizon [41]. By assuming that non-black hole in-
homogeneities follow the same entropy rule, this entropy
increase has been used to estimate the probability that
inflation occurs for a universe in “the landscape” [40]. Tt
is interesting that V' arises naturally as part of the free
energy balance between the cosmological and black hole
horizons, and that it applies to black holes with angular
momentum.

Lastly, we emphasize that this situation is opposite to
asymptotically AdS or flat case [§], where the reverse
isoperimetric inequality for the thermodynamic volume
was proved for Kerr-AdS black holes in any dimension.
We conjecture that this feature may remain valid for any
asymptotically de Sitter black hole.

V. CHARGED BLACK HOLES

In this section, we will extend our analysis to various
charged and rotating de Sitter black hole solutions. It is
straightforward to extend the Hamiltonian perturbation
theory analysis of section [[Il to include U(1) charges in
the first laws and Smarr relations holding for different
sets of boundaries. We then consider the examples of
the Kerr-Newman-deSitter solution in D = 4 and the
de Sitter versions of the Chong-Cvetic-Lu-Pope charged,
rotating solutions in minimal D = 5 supergravity [29],
which includes a Chern-Simons interaction for the U(1)
gauge field.

For Kerr-Newman black holes, we find results that
match those of section [IIl The black hole and cosmo-
logical thermodynamic volumes V}, and V. each satisfy
reverse isoperimetric inequalities. The thermodynamic
volume V is again equal to the geometric volume V' for

the region between the horizons and again satisfies a true
isoperimetric inequality. For Chong-Cvetic-Lu-Pope-dS
black holes our results are less complete. Whereas we are
able to show analytically that a similar set of inequalities
hold subject to a certain limitation on the range of the
charge and rotational parameters, in the general case we
have only numerical support for this claim. Equality of
the thermodynamic volume V' with the geometric volume
V' between the horizons, however, is shown to hold over
the entire parameter range.

We find that the modifications to the first laws and
Smarr relations for the various sets of boundaries are as
one would expect. For the region between the black hole
and de Sitter horizon the new formulas are given by

0 = T,0S) + T.0S. + Z (@ — 01)5Q)7
+Z Qi — Q)T — VP,  (5.1)
0 = ThSy + TS, +D 3Z(<I>j—<1>j)Qj
D—2 h c
+Z (€ —QL)J +D—VP (5.2)

where ®! and @’ are the potentials for the electric (and
magnetic) U(1) charges evaluated at the black hole and
de Sitter horizons.

For the regions stretching respectively from the black
hole and de Sitter horizons out to infinity we have the
first laws and Smarr relations

SM = T)8S) +Z (@ — ®_)6Q)
+Z (Q — QL )0J + VP, (5.3)
D-3 3 i
1 _Qz i P 4
+2ij< b QL) = 5T VAP, (54)
and
SM = —T.38, +Z 1,)8Q7
+>( Q;_Q;O)5f+mp, (5.5)
D-3 D-3 o
R J _ PHI J
5y M =TS +D_2Z(<1>c 7 )Q
4 4 i_ 2
+ZQ - 55V P (5:6)

where additionally the quantities ®%_ are the values of the
electric and magnetic potentials at infinity. As before,

subtracting respectively (5.6]) from (&4) yields (5.2]), and
subtracting respectively (&3] from (B3] yields (&.I)).



A. Kerr-Newman-dS black hole

The D = 4 Kerr-Newman-deSitter metric for a rotat-
ing, charged black hole with positive cosmological con-
stant reads

A asin?f ? p?
2 _ 2
ds® = —? <dt i d<p> + Zdr
2 S sin20 2 2 2
+%d92+ S;; (adt— r JE”’ dgo) . (5.7)

where the various functions entering the metric are given
by

A= (r* +a®) (1 —r’g?) — 2mr + 22 (5.8)
S=1+a*g*cos’d, 2*=q>+q>, (5.9)
P’ =r>+a’cos’d, Z==1+ag?, (5.10)

and the vector potential is

2 2 2
0 080
(-2 ap) — 2 (e~ ta dp)

= 02 =
(5.11)
The thermodynamic quantities in Kerr-Newman-AdS
spacetimes were computed in [2]. From those results we
can infer the following formulas in the de Sitter case. For
the cosmological horizon we find

Qb:—

qeT
PE

i i

m(r? + a?) a=
Sc = f 5 Qc = m (512)
Te (1 —a?g? — 3g2r3 — —“2;%22)
T, = — T . (5.13)
(e) . deTc (m) . dmTec
(I)c - 7'2 +(L2 ) c - T2 + ag ) (514)

where for magnetic charge we take the magnetic potential
analogous to the electric one [39]. The mass, the electric
and magnetic charges are given by

e Gm

—
—
—

M =

HE

; Qe = ) Qm = ) (515)

(1]

while the angular momentum and the angular velocity at
infinity read

S

J=am

=2
=

Qoo = ag®. (5.16)
From the Smarr formula (&.6]) we compute the cosmolog-
ical thermodynamic volume

2
Vc:rcAc [1+ a

3 ’:‘TQ

—

52

: )} (5.17)

2 2
ri+a

(1 — g2r§ +

and easily verify that the first law (B3] is satisfied. Since
V. in the charged case is greater than or equal to the un-
charged one, while the A, has the same form, the reverse
isoperimetric inequality for the cosmological thermody-
namic volume (4] remains valid.
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Similarly, for the black hole horizon we have the fol-
lowing expressions for the thermodynamic quantities

7(r? 4+ a?) aZ
Sy =_yh ") Qp = ——— 5.18
h = = (5.18)
T (1 —a’g® = 3¢%rj, — a2:522)
Ty, = h 5.19
h 47 (r? + a?) , (5.19)
(e) deTh (m) dmTh
= = . 5.20
h ’I”}2L + a2’ h ’I”}2L + a2 ( )

The black hole thermodynamic volume is then given by
the expression

2 22

a z
1— g2 7) 5.21
( grh+r%+a2 ] ( )

A

Vi 3

1
{ + 257“,%

which also satisfies the reverse isoperimetric inequality
@4).

Finally, the thermodynamic volume V in between the
horizons calculated from (5.2)) again takes a simple geo-
metric form,

V= 1 (reAe —rpAp) .

3 (5.22)

Defining the volume V and area A as in Section [V.Cl to
be

reAe

V=3

>V, A=A <A+ A=A, (523)

we find that the isoperimetric inequality ([@.I3]) holds also
for Kerr—Newman-deSitter black holes.

B. Charged-dS rotating black hole in D =5

The rotating charged-AdS black hole with electromag-
netic Chern-Simons term was constructed by Chong,
Cvetic, Lu, and Pope [29]. We find that a corresponding
rotating charged-dS black hole exists as an exact solu-
tion to the Einstein-Chern-Simons equations with posi-
tive cosmological constant, obtained via analytic contin-
uation g — ig. This black hole solution reads

S+ g*r?)p*dt +2qu] dt  2quw
= = 2 T3
Sa=bp P
f [ Sdt 2 p2dr?  p*dh?
Tl —w)| + A + g
2

ds® = —

r2+b

+ :—a sin®fdp? + = cos20di? |

—a —b

¢:@(Sdt —w),

p? \E.E

(5.24)

ZaSh



where

v = bsin?Ady + a cos?0dy)
dip

d
w= asin29_—gp + bcos?h—,
Za =p

S =1+ ag?cos’d + b?g*sin®6
(r* +a®)(r* + b*)(1 = g*r%) + ¢* + 2abg _

A= 5 2m
r
0% =12 4+ a?% cos?0 + b*sin6,
E,=1+4d%¢*, E,=1+0b%¢%,
f=2mp* — ¢* — 2abqq*p* . (5.25)

In the case of a negative cosmological constant |29], the
solution describes an asymptotically AdS charged rotat-
ing black hole in a certain range of parameters m,a,b
and ¢q. It is easy to check that there exists a range for
these parameters in which the function A in Eq. (525,
admits three positive real roots. Hence in this range the
solution describes an asymptotically dS charged rotating
black hole. To our knowledge this is the first demonstra-
tion of the existence of such black hole solutions.

The thermodynamic quantities are [29]

Tm (22, + 22 — 24 Zp) — 2mqabg* (Za + Zp)

=252 ’
42257

2am + qb(1 — a?g?)]

=2 ’

CHISH
y  m(2bm + qa(l — b?g?)]
J = 4,:2,: ’
=2E,
Q= \/§7rq

4_4,1:.1,

M =

o

(5.26)

For the black hole horizon we have
ri[l — ¢g2(2r2 + a® + b%)] — (ab+q)?
2mr [(r? + a?)(r? + b2) + abq]
m2[(r, + a®)(rj + b?) + abg]
2Ea5b Th
V3qr}
(ri +a?)(ri +b2) + abg’
o _ alry +6*)(1 —g°rj) +bg
h = (r2 4+ a?)(r? +b%) + abg ’
b b +a*) (1 —g°r}) +ag
P02 a?)(r2 +02) +abg

T =

Sh

3

Py, =

(5.27)

The Smarr formula (54) then leads to an expression for
the black hole thermodynamic volume

rnAp 1—g*?% (a®> V?
Vi = [1 @z
r=mr Tz \E T E
@?d* + abq(d® + r} — ria®b?g*)
3ZaZeri (17 + a?)(r? 4 b%) + abq]

} . (5.28)

where d? = a? 4+ b? + 2a?b*g%. When we switch off one of
the rotations (e.g. by setting a = 0) the reverse isoperi-
metric inequality ([@4]) still holds. However, because of
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the complexity of the expressions we have not been able
to analytically establish or disprove this result in the gen-
eral case and we leave the question for future study. We
have, nevertheless, confirmed the plausibility of this con-
jecture by a numerical study.

Similarly, for the cosmological horizon we have

ril — ¢*(2r2 + a® + b?)] — (ab+ ¢)?

TC - — ’
27re[(r2 + a?)(r2 + b2) + abq]
g _ ™llre +a®)(rc +b?) + ab]
¢ 25,151, Te ’
o, — V3aqr?

02+ )02+ ) T abg
o _ Al (1~ gr2) + by
¢ (r2+a?)(r2 +b?) +abg
b _ D2t a1~ g*2) + ag
¢ (r24+a®)(r2 4+02) +abq ’

ploge (a—2+ﬁ)
37‘3 Ea Eb

@?d? + abq(d® + 2 — r2a®b?g*)
32.Epr2[(r? + a?)(r2 4 b%) + abq]

(5.29)

which gives

Te
‘/C:

[

} . (5.30)

Finally, using the Smarr relation (.2, we find that
the thermodynamic volume in between the horizons is
1
Z (TcAc - ThAh)
2
= [P+ (2 +0?) — (2 4a®) (2 +b7)] , (5.31)
b

V =

which again, coincides with the naive geometric one. For
abg > 0 and taking

V= (r2+a®)(rZ+b*) =V,

25,5

A=A, <A+ Ay, (5.32)

we realize that the isoperimetric inequality ([@I3]) holds.
Numerical investigations indicate that this inequality
survives provided we took V = V and A = A, for all
admissible parameters a, b, m and ¢ for which the metric
(BE24) describes an asymptotically dS charged rotating
black hole.

VI. COMPRESSIBILITY AND SPEED OF
SOUND FOR BLACK HOLE HORIZONS

Given the notion of the thermodynamic volume of a
black hole, we can proceed to explore further thermody-
namic properties, such as the compressibility and speed
of sound, that make use of the volume. Here we will find
the effective compressibility and speed of sound of the
black hole. For purposes of illustration, we shall restrict
ourselves to the case D = 4 in which there is only one



angular momentum. The adiabatic compressibility of the
black hole horizon is defined as

gy =L (I
TV \oP ),

Bs, was computed for rotating black holes in Anti-de
Sitter in [6]. The same formula continues to hold in de
Sitter space-time

(6.1)

36 5,54
3+8p)(3+8p+352)(6+16p+332)

Bs, = , (6.2)

where p = PSj and j = 2§—J, so in de Sitter p is neg-

ative. One can check that at fixed entropy, the angular
momentum is a maximum for the extremal case and that
the compressibility is greatest when T, = 0. One finds
that the angular momentum is given by

Foae = (1 ) (14 89), (63)

the compressibility is

25 (1+8p)°

5 , (6.4)
3+8p)"(1+4p)

ﬂs|emtremal = (

and, for p < 0, this is a maximum when p = 0, which is
A — 0. Expressing the entropy in terms of the black hole
mass M the greatest possible compressibility is then

25, 4rM2G?

5 - 98 (6.5)

Bsy lp=0,j=1 =

where equation ([3.5]) has been used with D = 4 and New-
ton’s constant and the speed of light have been made ex-
plicit. For a black hole of a few solar masses, (6. is
three orders of magnitude less than the compressibility
due to neutron degeneracy pressure in a neutron star of
the same mass [6]: in other words the black hole equation
of state is very stiff.

A thermodynamic “speed of sound”, v, can be defined
by making use of the thermodynamic volume to define a

black hole density p = VMh Then

d 9 44
vl= 221 =14 . (66)
OP|s ; (6 +16p + 3 52)

Thus 0.9 < v < 1. A non-rotating de Sitter black hole
always has v2 = 1, whereas v is smallest as j — 1 and
p— 0.

Of course this “speed of sound” is not associated with
any kind of surface wave on the event horizon; rather it is
a measure of the susceptibility of the black hole to chang-
ing its mass and volume when the pressure is changed,
keeping the area constant.
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VII. SUMMARY

We have shown that it is possible to identify a nega-
tive thermodynamic pressure with a positive cosmolog-
ical constant, allowing us to make sense of the thermo-
dynamics of asymptotically de Sitter black holes. Both
the first law of black hole thermodynamics and the corre-
sponding Smarr relation were demonstrated to hold, and
we illustrated our resulting formulae by applying them
to various rotating (and charged) black holes, including
Kerr-dS black holes in all dimensions. We found that in
all studied examples the thermodynamic volume in be-
tween the horizons coincided with the naive geometric
one, being equal to the difference of products of cosmo-
logical and black hole horizon radii and horizon areas.
We also studied the thermodynamics of the cosmologi-
cal horizon and the black hole horizon separately. This
allowed us to define the corresponding cosmological and
black hole thermodynamic volumes. In all the examples
we considered (except for the doubly-rotating Einstein-
Chern-Simons-dS black hole for which we have only nu-
merical evidence), we showed that the reverse isoperi-
metric inequality holds provided we take the thermody-
namic volume to be that of either the black hole or the
cosmological horizon; should we take the volume to be
the naive geometric volume in between the horizons then
the isoperimetric inequality holds. We conjecture that
these relations will remain valid for any asymptotically
de Sitter black holes.

An interesting case to consider for future study is the
production of black holes in inflation. Without the black
holes, the cosmological constant decays from the fluctu-
ations in the scalar field that go into cosmological per-
turbations, and the cosmological horizon shrinks accord-
ingly. If black holes are produced as well, then provided
0An > 0 the first law tells us that either, or both, of
(Ac, A) must decrease. Perhaps there is an isoperimetric
inequality that would have an interpretation in terms of
such a process.

Note added. We notice some overlap of our work with
recent paper [42].
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Appendix A: A remark on the Nariai limit and the
thermodynamic volume

For asymptotically de Sitter black holes there exists
an interesting so called Nariai limit, see [43,|44] and also
[45, 146], in which the cosmological and black hole hori-
zons coincide (an analogue of the mass=charge extremal
Reissner—Nordstrém black hole). In this limit, interest-
ingly, the region in between the horizons does not shrink
to zero. In fact when one ‘zooms’ into it, it can be demon-
strated that (when also the time coordinate is rescaled)
the metric remains finite and well defined. It is then
an interesting question (for which we are grateful to the
anonymous referee) to see what happens to the thermo-
dynamic volume in between the horizons in such a limit.

For simplicity we consider only the uncharged, non-
rotating, Schwarzschild-dS solution

(A1)

and consider its Nariai limit, m — ﬁ and r. — 7.

Following Ginsparg and Perry [44] we define new coordi-
nates

ecosy = VA(r — 1), ¢ =+VAet, (A2)
and consider the limit ¢ — 0, while we set
9miA =1-3¢, ro_i<1—i>. (A3)
VA 6
It follows that
7",2:7"04—L T =T0 — ° (A4)

VA’ VA’
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and the line element becomes that of dSs x S?

1
ds?® = A (dX2 — gin? X d1/)2 + df? +sin? 6 dgaz) ,
with 0 < x <7 and 0 <9 < 27. The original black hole
horizon is now located at x = 0 whereas the cosmological
horizon occurs at x = w. We remark that the Nariai
meric [A5)) possesses a finite four-volume

(A5)

(A6)

Let us now turn to the thermodynamic volume in be-
tween the horizons, which in the original coordinates
reads

dr , 4

V= 2(rede —rAp) = ?( S—r). (A7)

w| =

We shall now argue that such a volume vanishes, despite
the fact that the region does not shrink to zero. Indeed,
using ([(A4)) one finds

4 8me

Vi=—=(r-m)~ &5 (A8)

which clearly vanishes as e — 0. This is consistent with

the fact that, as noted previously, the four-volume Vj

remains finite. Since 0 < 1) < 27 requires 0 < t < % =

tmaz, in Schwarzschild coordinates this finite 4-volume
comes from

v - 8me 2 - 1672
tmax =\ A3/2 VA T A2

As e —» 0 we have V — 0 and t,,4, — 00. Note finally
that, if instead of taking the Nariai limit of the original
expression (A7), we started with the metric (AJ]) and cal-
culated the thermodynamic volume in between the hori-
zons (situated at x = 0 and x = 7), using for example
the Smarr relation, we would find that such a volume
necessarily vanishes as both horizons have the same ar-
eas and temperatures. In this sense the calculation of the
volume of Nariai spacetime commutes with the limit and
in both instances we recover a vanishing quantity.
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