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Cosmological constant as confining U(1) charge in two-dimensional
dilaton gravity

Daniel Grumiller,l’* Robert McNees,z’+ and Jakob Salzer'*
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Wiedner Hauptstrasse 8—10/136, A-1040 Vienna, Austria
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(Received 4 July 2014; published 14 August 2014)

The cosmological constant is treated as a thermodynamical parameter in the framework of two-dimensional
dilaton gravity. We find that the cosmological constant behaves as a U(1) charge with a confining potential,
and that such potentials require a novel Born-Infeld boundary term in the action. The free energy and other
thermodynamical quantities of interest are derived, from first principles, in a way that is essentially model
independent. We discover that there is always a Schottky anomaly in the specific heat and explain its physical
origin. Finally, we apply these results to specific examples, like anti-de Sitter—Schwarzschild—Tangherlini
black holes, Bafiados-Teitelboim-Zanelli black holes and the Jackiw-Teitelboim model.

DOI: 10.1103/PhysRevD.90.044032

I. INTRODUCTION

About thirty years ago, Teitelboim and Henneaux
proposed a mechanism to account for the small value of
the cosmological constant [1,2]: If four-dimensional gravity
without a cosmological constant is coupled to an antisym-
metric gauge field A,, the cosmological constant A
reappears as a constant of motion. Therefore, the cosmo-
logical constant may be considered to be dynamical,
since different values of the constant of motion correspond
to different values of A. One might conceivably find a
mechanism that drives this dynamical cosmological con-
stant to small values [3].

Although it is not clear whether such a mechanism
actually works in our Universe [4], it is interesting in its
own right to consider the cosmological constant not as an
input parameter of the action but instead as a state-
dependent constant that may be changed (thermo)dynami-
cally. If one allows for negative values of the cosmological
constant, then novel aspects of the anti-de Sitter/conformal
field theory (AdS/CFT) correspondence can be addressed
where the length scale set by the AdS radius is no longer a
fixed input parameter but becomes state dependent.

Following this reasoning, many authors regarded the
cosmological constant (mostly with negative sign) as a
thermodynamic variable in black hole thermodynamics
[5-11]. One of the most interesting results of these works
was the insight that the thermodynamic variable conjugate
to the cosmological constant is proportional to a negative
volume. Since the cosmological constant may be regarded
as a negative pressure, the resulting first law contains a Vdp
term. This implies that the mass of a black hole should
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correspond to the enthalpy of the system rather than the
internal energy [10-14]. See also Refs. [15-20] for more
recent developments.

In this work we investigate the cosmological constant
as a state-dependent parameter in two-dimensional (2D)
dilaton gravity. Two-dimensional dilaton gravity is a
rewarding model to study, since it provides useful insights
while not being as technically involved as higher-
dimensional theories. Some specific classes of solutions
of higher-dimensional theories can be studied in 2D dilaton
gravity, including AdS-Schwarzschild-Tangherlini black
holes and Banados-Teitelboim-Zanelli (BTZ) black holes.
Some intrinsically 2D models are also interesting in their
own right, like the Jackiw-Teitelboim model. For a general
review of dilaton gravity, see Ref. [21].

As will be shown, the cosmological constant may be
treated in 2D dilaton gravity as a U(1) charge with non-
minimal coupling. This effectively leads to a confining
electrostatic potential. The variation of the cosmological
constant appears in the first law of black hole thermodynam-
ics for the same reason the variation of charge would appear in
the first law for a charged (e.g. Reissner-Nordstrom) black
hole. Thus, the cosmological constant emerges as a thermo-
dynamic variable naturally in this treatment.

One of our main results is a novel Born-Infeld type of
boundary term /g that has to be added to the action,

F[gﬂwAwX] :Ibulk+]GHY+IBI’ (1)

with
1
Tk = -5 / d’x/g(XR — U(VX)*-2V)
M

+ / &x\/gf F*F,, — 4 / Px gV, (fF™A,),
M M
(2)
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IGHY - —/ dx\/}—’XK, (3)
oM

Igy = AM dxﬂ\/e_g(w +2F, F*f*h).  (4)

The bulk action I, depends on three arbitrary functions
of the dilaton field X, namely on the kinetic potential U, the
dilaton self-interaction potential V, and the gauge coupling
function f. The boundary term /gy is the dilaton analogue
of the Gibbons-Hawking-York boundary term, which is
required to establish a Dirichlet boundary value problem
for the metric. Here y denotes the determinant of the
induced metric at the boundary M, and K is the trace over
extrinsic curvature.

The novel Born-Infeld-like boundary term /5; and its
implications for thermodynamics will be derived and
discussed in detail in the body of our paper. The functions
0O, w and h appearing in it are constructed out of integrals of
the functions U, V and f:

0(x) = / o). (5)
w(X) = -2 / " dye2v(y), (6)
X 20

Their somewhat bizarre form has a natural explanation
within 2D tensor-vector-scalar theories (or Einstein-
Maxwell dilaton theories), which we shall review.
Moreover, these functions have to obey certain inequalities,
which we shall derive. The inequalities imply, among other
things, that the electrostatic potential is confining.
Another key result is that we recover standard thermo-
dynamics with the usual first law, say, for free enthalpy:
dG(T, p,...) = =SdT + Vdp + other work terms.  (8)
Here § is the 2D dilaton gravity analogue of the
Bekenstein-Hawking entropy, 7 is essentially the
Hawking temperature, —p is proportional to the cosmo-
logical constant and V is the “volume” of the black hole—a
quantity that we will explain in detail. Thus, standard
thermodynamics can be applied to 2D dilaton gravity
models with a state-dependent cosmological constant.
The outline of this work is as follows: in order to make
this paper self-contained we review some of the main
results of Ref. [22] in Sec. II and generalize them to
confining electrostatic potentials; in Sec. III we demon-
strate how to treat the cosmological constant as a thermo-
dynamical variable in a natural way in 2D dilaton gravity
and derive the main results; in Sec. IV we discuss general
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implications for thermodynamics and show the equivalence
of thermodynamic and geometric volume definitions;
in Sec. V we address further developments: we present
alternative confinement conditions, unravel a Schottky
anomaly in the specific heat and treat the microcanonical
ensemble; in Sec. VI we apply our results to specific
examples, namely AdS-Schwarzschild-Tangherlini and
BTZ black holes, as well as the Jackiw-Teitelboim model.

In this paper we use the conventions of Ref. [22], setting
the 2D Newton constant to 872G, = 1 and working exclu-
sively in Euclidean signature.

II. THERMODYNAMICS REVIEW

In the following we review some of the main results of
Ref. [22], starting with the (holographically unrenormal-
ized) Euclidean action of 2D dilaton gravity,

I = Iy + Igny, )

with

1 2 2
ot = = /M Ex/GXR - UVX)? = 2V), (10)

Igny = —/ dx\/y XK, (11)
oM

where X is the dilaton field, R the Ricci scalar, U is the
kinetic potential and V the dilaton self-interaction potential,
both of which are model-dependent functions of the dilaton
X. The boundary term is analogous to the Gibbons-
Hawking-York boundary term, with y the induced metric
on OM and K the trace of the extrinsic curvature.

A. Classical solutions

The equations of motion (EOMs) for the action (10) are
given by

V,0,X - 9,V’X -9,V

+ U(9,X)(9,X) — %g,wU(ax)2 =0, (12)

R+ U'(0X)* +2UV?X -2V’ =0, (13)

where the prime denotes a derivative with respect to the
dilaton X. Taking the trace of the first EOM (12) yields the
useful relation V2X = —2V.

The space of all classical solutions to the EOM (12), (13)
falls into two disjoint classes: 1. Constant dilaton vacua, with
X = X, = const, which exist only for special models and
require infinite fine-tuning of the value of the dilaton field
such that V(X,) = 0; in that case, the metric is maximally
symmetric, i.e., either Minkowski, AdS or de Sitter, depend-
ing on the sign of the Ricci scalar R = 2V’(X,). 2. Linear
dilaton vacua, which exist generically as solutions to
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arbitrary dilaton gravity models and have dilaton fields that
are not constant. In this paper we exclusively focus on the
latter.

Locally, all linear dilaton solutions are parametrized by a
single constant of motion M and take the form

X =X(r) ds? = &(r)d7® + %dr2 (14)
with
0,X = e 2X), (15)
2M
= (0.0 I I
E(X) = w(X)elX (1 w(X)>' (16)
The functions Q(X) and w(X) are defined as [23]
X
000) =0+ [ 4y, (17)
W(X) = wg — 2 / " ayV(y)et). (18)

By an appropriate choice of w, the constant of motion M
can be restricted to a convenient range, for instance non-
negative values, M > 0. This then fixes the ambiguity from
the integration constant in the definition of the function w.
The ambiguity in the definition of the function Q is fixed by
an appropriate choice of Q, which in turn can be absorbed
into a rescaling of the coordinates. We shall henceforth
assume that a suitable zero point has been chosen for the
mass M and suitable physical units for the coordinates, so
that wy and Q, are fixed (for example, to zero).

All solutions (14) exhibit a Killing vector field 0, with
norm &(X) that vanishes at the “Killing horizon” X = X;,.
To be precise, we mean that in the Minkowskian version of
(14), constant X hypersurfaces that obey £(X,) =0 are
Killing horizons. In the corresponding Euclidean space, the
“Killing horizon” reduces to a point that provides either a
lower or an upper bound on the value of the dilaton field.
The “ground-state Killing norm” &(X)|,,_, will be denoted
as &.

In the models that we consider there is typically at least
one Killing horizon. The dilaton field X is then restricted to
the positive, semi-infinite interval

Xh < X < o0, (19)

where X, denotes the outermost Killing horizon, i.e., the
Killing horizon at the largest possible value of X.

As in Ref. [22], we assume limy_, ,w(X) = 400, which
captures many models of interest, in particular black holes
in asymptotically AdS spacetimes. Thus, the asymptotic
behavior of the metric is given by &)(X), as is easily seen
from (16).
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Before discussing black hole thermodynamics, we con-
clude this part of our review with a standard Euclidean
argument. In order to avoid conical defects at the horizon,
the Euclidean time is assumed to be periodic 7 ~ 7 4 f3,
with

_47r

F=a4,

(20)

The proper local temperature 7'(X,.) evaluated at a locus
X = X, is equal to #~! times a redshift (“Tolman”) factor

T(X,) = s (21)

Thus, in models where £(X,.) — 1 as X. — oo, the inverse
period ! is the temperature T as measured by an observer
at infinity.

B. Thermodynamics from the Euclidean path integral

In order to study the thermodynamics of this model, the
Euclidean path integral with appropriate boundary con-
ditions is expanded around the classical solutions of the
EOM. In the semiclassical limit the dominant contributions
are the classical solutions. Then the Euclidean partition
function is given by

Z~ z exXp (_I[gclvxcl]) X ZGauss X Zho (22)
gc]~Xcl

with

1
ZGauss = / D(SQD(SX exp <_ 5 621[9(:], Xcl; 59’ 5X]> (23)

and higher-order corrections contained in Z;,,. The sum in
(22) extends over all classical solutions g, X from (14)
compatible with the boundary conditions that we impose in
order to evaluate the path integral. In our case, these
boundary conditions will always specify the locus of a
cutoff surface X = X, and the local temperature (21) at that
surface. In many cases it makes sense to think of these
boundary conditions as coupling a finite gravitational system
to a thermal reservoir at proper local temperature 7(X.).

The free energy in the classical approximation is
determined by the on-shell action through

F=-ThhZ~ Tl[flcl,f(cl]’ (24)

where {4, X4 denotes the dominant saddle point in the sum
(22). Subdominant saddle points are then nonperturbative
(“instanton”) corrections, while the neglected Gaussian
and higher-order terms are perturbative corrections. In
the present work we shall not be concerned with either
of these corrections.
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The thermodynamical ensemble is determined by the
choice of boundary conditions used in the evaluation of
the path integral. We shall always keep fixed the proper
temperature at the boundary, so that our free energy is either
the Helmholtz or Gibbs free energy (or some generalization
thereof). Once the free energy is known, all other thermo-
dynamical quantities of interest are determined, either
through partial derivatives or Legendre transformations of
the free energy.

The semiclassical approximation is well defined only if

(i) the on-shell action is bounded, and

(ii) the first variation of the action vanishes on shell for

all variations that preserve the boundary conditions.
As expected on general grounds (and shown explicitly in
Ref. [22]) the action (9) has neither of these properties for
the boundary conditions we are interested in. These short-
comings are remedied by adding a (holographic counter)
term /o1 to (9), yielding an improved action

I' = Ly + Iguy + Ier (25)

with

Ier = /BM dxy/71/ e 2Xw(X). (26)

It was later shown that the same boundary term can be
derived from requiring supersymmetry in the presence of
boundaries [24,25].

In 2D dilaton gravity, every sufficiently regular function
J(X) of the dilaton field can be used to construct a
conserved charge. This is so because a current j* =
€"0,J is trivially divergence free, d,j* = 0. Hence, 2D
dilaton gravity exhibits an infinite number of completely
equivalent conserved charges. Therefore, we may choose
a suitable dilaton charge, which we denote by D, and
demand that its value at the boundary be fixed. In the
following we simply set

D, =X,. (27)

The heat bath surrounding the cavity fixes the local inverse
temperature . and dilaton charge D, as boundary con-
ditions for the path integral.

The non-negative solutions of

Pe = VE(De. M)B(M) (28)

denote the possible values of the mass M, and thus the
classical solutions consistent with the boundary conditions.
The Helmholtz free energy F may be obtained from the
action via [see (24)]

F(T.D.)=TJI(T.D.). (29)

With the above definitions, this yields

PHYSICAL REVIEW D 90, 044032 (2014)
Fc(Tc’ Dc) = _27TXth + e ( Vv 50 -V 5c>1 (30)

where a subscript ¢ denotes evaluation of the dilaton at the
cutoff surface X = X,.

It is natural to consider the X, — oo limit of (30) and
other thermodynamic quantities to obtain results for the
full, noncompact spacetime. This limit is in general well
defined for the classical theory. However, in many theories
the perturbative corrections (23) diverge as X, — oo, and
in those cases the cutoff cannot be removed. From the
thermodynamic point of view, this is so because the specific
heat of the system becomes negative above some maximum
value of X,.. In other words, the density of states grows too
rapidly as a function of energy, and the canonical ensemble
no longer exists.

Further details of 2D dilaton gravity thermodynamics,
elaborations, applications and many examples can be found
in Ref. [22]. Some earlier work on 2D dilaton gravity
thermodynamics is found in Refs. [26-28].

C. Charged black holes

The above results are easily generalized to charged black
holes by adding a Maxwell term

IMax = //Vl dzx\/af(X)Fleﬂ’/ (31)

to the action (25). The function f(X) describes the coupling
of the Abelian field strength F,, =J,A, —0,A, to the
dilaton field. The EOMs (Maxwell’s equations) are
solved by

. q
F, = —f(X) s (32)

where g denotes the electric charge, ¢, is the 2D epsilon
tensor with &, = 41, and the factor ‘—1‘ is chosen for
convenience. We will assume, for now, that all the fields
fall off sufficiently rapidly so that no additional boundary
terms are needed in the action.

The EOMs for the action (25) with an additional
Maxwell field are still solved by equation (14), but the

Killing norm is changed to
1
E(X) = e <w(x) —2M +7 qzh(X)) . (33)

The function A(X) is defined as [29]

hx) /Xd QW) (34)
)
In the axial gauge, A, = 0, the gauge potential is given by

AdX) = = (h(0) = h(X,)) + A(Xp). (35)
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Thus, the proper electrostatic potential relative to the
horizon is

Dirichlet boundary conditions on A, imply that this
quantity is held fixed at the cutoff surface X,.

With these results, the Euclidean partition function (22)
may be calculated in the classical approximation. For the
boundary conditions that we impose, the relevant thermo-
dynamic potential is the Legendre transform of the
Helmholtz free energy F.(T.,D.,q) with respect to the
proper electrostatic potential ®.. Since the charge ¢ and
potential @, play a role similar to a generic conserved
charge N with chemical potential y, we simply denote this
potential by Y. = T.I'(T., D, ®.):

YL‘(TC’DC’@C):FC(TC’DC’q)_q@C (37)

The inverse Legendre transformation then leads to the
Helmholtz free energy F,. =Y.+ q®,:

Fc(ch Dc’ C]) = _Z”Xth + e (\/6-0 - \/5—6‘) (38)

Evidently, this result is equal to the previous one (30). The
dependence on ¢ remains implicit in the Killing norm &(X)
and the locus of the horizon X, but does not show up
explicitly.

Notice that one may add an arbitrary number of Maxwell
fields (in fact, even non-Abelian gauge fields) in this way.
Each of them will introduce new conserved charges ¢g; that
capture some of the state-dependent information. We shall
make use of this fact in the calculation of the first law for
BTZ black holes.

If we relax the assumption that the fields fall off
sufficiently rapidly, then a new boundary term must be
added to the action along with (31). For a theory with
Dirichlet boundary conditions on A,, diffeomorphism
invariance restricts the form of this boundary term to be

Ivicr = /WVI dx\/7Lyer(AFA,, X). (39)

A simple example that requires such a boundary term can
be found in Ref. [30]. In Sec. III we will consider theories
with Neumann boundary conditions on A”, and hence we
will obtain a different sort of boundary term.

D. Confinement in 2D dilaton gravity

In the discussion of charged black holes above we have
assumed that the gauge potential decays asymptotically
sufficiently fast that no modification of the boundary term
(26) and of the free energy (38) arises. However, this is not
necessarily true, and in particular it is not true for confining

PHYSICAL REVIEW D 90, 044032 (2014)

potentials. Before addressing how to improve the boundary
term, we address the case of confining potentials.

To this end we consider now specific classes of 2D
Einstein-Maxwell dilaton theories that obey the inequalities

)}Elolow(X) - 400, (40)
lim [F(OV(X)] < o. (41)

We show now that these inequalities imply confinement of
the U(1) charge in the sense that the gauge potential A,,(X)
diverges to +oo for large X. Before we explain why the
attribute “confinement” is justified, we check that our claim
is technically correct.

The result (35) together with the definition (18) imply

a2 [y WO
aix - = [loiin @)

Taking absolute values and exploiting the inequality (41)
yields

|A.(X = 00)| > N*w(X - ), (43)

where N is some nonvanishing real number. The inequality
(43) together with the assumption (40) prove our claim that
the gauge potential A,(X) diverges to +oo for large X.

Of course, one could just define a confining potential in
2D Einstein-Maxwell dilaton gravity by the properties (40)
and (41). However, it is useful to clarify why it is justified
to call a gauge potential that diverges at large X “confin-
ing.” Physically, the decisive property of a confining
potential is that it takes infinite energy to separate two
charges. If we take as one of the charges the charged black
hole spacetime and as the other some test charge, then a
measure for the electrostatic energy is the product of the
proper electrostatic potential times the charge ¢ of the
test particle, measured for instance in units of the proper
temperature (in order to cancel redshift factors, assuming
some nonextremal configuration with 7" # 0). Thus, if the
ratio

<

(PC ~ AT(XC)

Ce=a%nd o) (44)
stays finite in the limit X, — oo, then the gauge potential is
not confining. On the other hand, if the expression (44)
tends to +oo in the limit X, — oo, then the gauge potential
is confining. From the right hand side of (44) we therefore
see that the gauge potential is confining precisely if A,(X)
diverges to +oo for large X.

A simple class of examples for confining potentials
is provided by minimally coupled Maxwell fields,
f(X) = const, and vanishing kinetic potential U(X) = 0.
In that case the gauge potential (42) integrates to a function
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that is linear in X « r. We recover the well-known fact that
the 2D electrostatic potential grows linearly in r and is thus
confining.

A simple class of examples for nonconfining potentials
are spherically reduced models with f(X) « X,

d-2

ux) = T(d-1)X

and  V(X) o X721 (45)

which violate the inequality (41) and reproduce the correct
d-dimensional Coulomb law ® o 1/r%"2 in d > 2 spatial
dimensions.

In the next section we stick to a single confining
Maxwell field with a specific type of coupling function
f in order to describe a state-dependent cosmological
constant A.

III. STATE-DEPENDENT A

In this section we implement a state-dependent cosmo-
logical constant A within 2D dilaton gravity. As a first step
we clarify how a state independent cosmological constant
appears in 2D dilaton gravity.

A. Defining a 2D cosmological constant

The notion of a cosmological constant is ambiguous in
2D dilaton gravity. In any dimension greater than two it
implies simultaneously two things: 1. A is a parameter
in the action that is multiplied by the volume form, and
2. Vacuum solutions asymptote to constant curvature
spaces, i.e., de Sitter or AdS, depending on the sign of
A. In 2D dilaton gravity, however, adding a constant to the
potential V does not lead to asymptotically constant
curvature spaces in general. Instead, in order to obtain
such spaces one has to add a linear term in the dilaton to the
potential V. This is seen most easily from the EOMs (13)
for kinetic potentials U that vanish asymptotically suffi-
ciently fast: if V is constant, then the Ricci scalar vanishes
asymptotically. However, if V = AX, then the Ricci scalar
asymptotes to R = 2A.

In our work we always use the second notion of
“cosmological constant,” i.e., when we have positive
(negative) A and the cosmological constant term in the
dilaton potential

V=AX+ Vi (46)

dominates at large values of X, then the metric asymptotes
to 2D de Sitter or AdS space.

In fact, there is a natural interpretation of V = AX in the
context of theories that emerge from dimensional reduction
of sufficiently symmetric higher-dimensional theories of
gravity. Namely, the original volume form is proportional
to the 2D volume form times the dilaton field times some
(irrelevant) constant volume factor, the value of which
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depends on the internal space. We recall this now explicitly
for spherical reduction.

The bulk term in the Einstein-Hilbert action for pure
Einstein gravity with a cosmological constant in d + 1
dimensions is

1
lypy = —m/jw A xy/Gar1(Rapr —20). (47)

Spherical symmetry implies that the (d 4 1)-dimensional
metric can be brought into the adapted form [31-35]

ds? = g, de'dx? + (G gyt )T (x#)dQ2,.,

(48)

where p, v € {0, 1}, p(x*) is essentially the surface radius
and ngd_] is the line element of the round (d — 1)-sphere.
Inserting this ansatz into the Einstein-Hilbert action (47)

upon integrating out the (d — 1)-sphere yields

Iswo = =5E0 [ @xyap( 7 Res - 20), (49)
T J M

where A,_; denotes the solid angle subtended by a

(d — 1)-sphere. The action (49) is now a special case of

the 2D dilaton gravity bulk action (10) if we express the

(d + 1)-dimensional Ricci scalar in terms of 2D quantities

(see for instance Eq. (C.10) in Ref. [36])

Ry =R+ (d_]()pﬁ (Gﬁd1 - (V(P)Z)

A=l g, (50)

and define the dilaton field X(r) as

X(r) = a1
871Gy y1

Gapr(r). (51)
The result (49) makes it explicit that the dilaton field
couples to the Ricci scalar and the cosmological constant in
the same way, i.e., linearly in terms of X as defined in (51).
We recover exactly the potentials (45), but with V replaced
by V + AX, concurrent with (46).

B. Converting A into a U(1) charge

Having agreed that the term we want to add to the dilaton
potential V is given by AX, we proceed now with one of our
main goals, namely to make A a state-dependent quantity
rather than a parameter in the action. In fact, there is a well-
known procedure in 2D dilaton gravity to convert param-
eters in the action into constants of motion by “integrating
in” Maxwell fields (see Appendix B of Ref. [37] for a
summary).

Translating the general procedure to the present context,
we add a Maxwell term (31) with the specific coupling
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fX) =% (52)

This choice leads to the nonminimally coupled Maxwell
action

1
I = / /3 F (53)
M

Inserting the on-shell value (32) for the field strength
establishes

2
q
Invtax|EOM :/ dzx\/ng, (54)
M

From the above it seems reasonable to set g> « A. The
correct relation (in particular, the correct sign and factor)
between the U(1) charge and cosmological constant,

I (55)

can be deduced from comparing the full bulk action 7,
(2) with the U(1) field integrated out and (49). Namely,
if we disregard for a moment the terms containing the
potentials U and V, we obtain

1
Toui|y=y—o = _5//\/1 dzx\/g(XR +f(X)F””F,w)
~4 [ @ r00rTa) (56)
M

which on shell reduces to

4 f(X)

The result above with the identification (52) then leads to
the equality (55) upon comparison with (49)—(51).

Thus, we have succeeded in converting the cosmological
constant into a state-dependent parameter, namely a con-
served U(1) charge. For real charges ¢ the cosmological
constant is negative, so henceforth we restrict ourselves to
discussions of asymptotically AdS spacetimes.

1 2 1
Touikly—v—o = —/ d2x\/_(XR+) (57)

C. Confinement of A

The cosmological constant emerges as a thermodynamic
variable naturally this way, since we may regard it as the
charge of a Maxwell field with the peculiar coupling (52).
Let us now check under which conditions this leads to a
confining potential. The inequality (41) holds provided the
dilaton potential V(X) obeys

lim
X—o00

%‘ < 0. (58)
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In other words, as long as the original dilaton potential does
not grow faster than X at large values of the dilaton, the
confinement inequality (41) holds. To ensure this inequality
we assume from now on that V(X) grows more slowly than
X at large values of the dilaton,
V(X > 0) xX* a<l. (59)
This assumption holds for all values of dimension
2 < d < oo for spherically reduced models; see (45) [38].
A key property of confining charges in general and the
charge describing an effective cosmological constant in
particular is that the asymptotic behavior of the Killing
norm in the metric (14) is dominated by the charge term
E=2MeCXn(X) +---. (60)
The fact that all other terms in the Killing norm are
subleading follows from the inequalities (40) and (41).
The discussion in Sec. II C, in particular the use of the
boundary term (26), assumed that the term in the metric
highlighted in (60) was asymptotically subleading. This is no
longer the case, so we need to find a suitable boundary term
that gives a well-defined variational principle. We have
summarized this main result, which is a natural generaliza-
tion of (26), in equations (1)—(4) of the Introduction. There
are two main differences from the old results used in Sec. II.
First, the action now includes a bulk total derivative term,

4 / a2 GV, (fFA,). (61)
M

This term arises from requiring that the on-shell action
be a function of g rather than ®.. In fact, the term (61)
corresponds on shell to g®,, the expression appearing in
the (inverse) Legendre transformation of (37). So, this term
ensures that we are in a thermodynamic ensemble where the
cosmological constant A is fixed as part of the boundary
conditions, as we shall discuss in detail in the next section.
Note that a corresponding term was already considered in
Ref. [3] in a similar model.

Secondly, the boundary term (26) is extended to a
Born-Infeld type of boundary action,

IBII/O dx\/_\/

X) + 2F,, P f(X)*h(X)).

(62)

This is one of our main results. We explain now why (and
under which conditions) this result is correct, starting first
with an on-shell argument, showing next that the result
above leads to a meaningful expression for the free energy
and arguing finally that the full action with the boundary
term (62) leads to a well-defined variational principle, in
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the sense that the first variation of the action (1) vanishes
for all variations that preserve our boundary conditions.

With hindsight, the Born-Infeld boundary term (62) is a
natural generalization of (26) that reduces on shell to the
ground-state Killing norm,

&(X) = 2N (w(X) - 20h(X)).  (63)

In order to ensure that the ground-state Killing norm is also
the asymptotic Killing norm

E(X) = &(X) — 220 M = £y(X) + subleading,  (64)

we have to impose a restriction on the kinetic potential
U(X) or, equivalently, on the function h(X), viz.

lim |7(X)| = co. (65)

X—o00

Expressed as a condition on the function Q(X), the
condition (65) yields the inequality

2
lim Q%) >

X—>o0

(60)

P )

where N is some nonvanishing real number. Translating
this into a condition on the kinetic potential U(X) finally
establishes [44]

. 2
limU(X) > - 1. (67)

In the present work we are going to consider exclusively
models that obey the inequality (67). Note that this includes
the special case of vanishing kinetic potential, U = 0, as
well as spherically reduced gravity (45) for spatial dimen-
sions 1 < d < o0.

Following the steps reviewed in Sec. II, the on-shell
action (1) yields the same expression for the thermody-
namic potential as equation (38), with &, now defined as
above. But since we wish to interpret the cosmological
constant A as (negative) pressure, the thermodynamic
potential for this ensemble should now be regarded as
the Gibbs free energy, rather than the Helmholtz free
energy:

Gc(Tc’ Av DL) = _zn-thc + e_QC (\/g - \/E) . (68)

This point will be discussed in more detail in the beginning
of the next section.

The new action (1) yields a well-defined variational
principle, provided the dilaton field obeys Dirichlet boun-
dary conditions

SInX|y0 =0 (69)
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and the asymptotic behavior of the variation of the Killing
norm 6¢ obeys

58 = UESX — 2eChoA + - - -, (70)

where the ellipsis denotes asymptotically subleading terms,
given our assumptions on the potentials [45].

The above discussion was concerned with treating A as
a particular example of a confining U(1) charge, but as
mentioned in Sec. [I D, the action (1) provides a well-defined
variational principle and the correct thermodynamics for
generic confining U(1) fields subject to the conditions (40)
and (41), provided we are in the thermodynamic ensemble
where ¢ is kept fixed. For related work in higher dimensions,
see Ref. [46].

Without the bulk total derivative term (61), the action (1)
diverges when evaluated on shell. In the case of AdS, this is
an unwanted property, which motivated the addition of the
term (61) to the full action. However, for generic confining
potentials, the divergence of the on-shell action has a
physical interpretation, namely the infinite amount of energy
required to bring a charge out to infinity, and is therefore a
feature of the on-shell action appropriate for the ensemble in
which the electrostatic potential .. is kept fixed. Thus, when
studying generic confining potentials in that ensemble, one
removes the term (61) from the full action (1) and keeps only
the Born-Infeld boundary term (62).

In the next section we exploit the results of the present
section to discuss thermodynamics in the presence of a
state-dependent cosmological constant A < 0.

IV. A THERMODYNAMICS

In the following, we are going to study black hole
thermodynamics with the cosmological constant promoted
to a thermodynamic variable. We start by clarifying some
nomenclature regarding energy versus enthalpy.

In the previous sections the on-shell action determined
the Legendre transform of the Helmholtz free energy with
respect to the pair ¢ (the charge) and ®,. (proper electro-
static potential) (37). The Helmholtz free energy (38)
depends on temperature 7., the electric charge ¢, and
the dilaton charge X .. The label “Helmholtz free energy”
was justified there, since the charge is usually an extensive
quantity (doubling the volume doubles the charge), while
the proper electrostatic potential @, is an intensive quantity.
However, when interpreting the (square of the) electric
charge as the cosmological constant through the identi-
fication (55), we should not consider A as an extensive
quantity (doubling the volume should not change the
cosmological constant). Instead, A is now intensive and
acts as a pressure and, as we shall demonstrate below,
its conjugate variable has the properties expected of a
“volume.” Therefore, the expression (68) is actually the
Gibbs free energy, also known as free enthalpy.
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A. Entropy, chemical potential and volume

The entropy is obtained from the free enthalpy G, in the
usual way:

G,
8Tc DA

S= = 27X, (71)

This result for entropy is the same as the ones that follow
from (30) and (38) [22]. Thus, a variable cosmological
constant [or more generally, a confining U(1) charge]
leaves the form of entropy unchanged and enters only in
determining the locus of the horizon X,.

The entropy (71) coincides with the Wald entropy [47]
and, in the case of dimensionally reduced Einstein gravity,
correctly captures the higher-dimensional Bekenstein-
Hawking area law. In that sense, the relation (71) between
entropy and X, is the 2D analogue of the Bekenstein-
Hawking law. For dilaton gravity models coming from
spherical reduction, X}, is proportional to the horizon area
of the higher-dimensional theory (51), which allows us to
write (71) in the usual way:

A
§=-r_
4G 444

(72)

A Bekenstein-Hawking law for intrinsically 2D models can
be formulated as well, if one associates the horizon to one
connected component of a sphere in one dimension (which
consists of two disjoint points) A, = A;/2 = 1 and intro-
duces the effective Newton coupling G = G,/X for
scalar-tensor theories, where X should be evaluated at
some scale. Since the horizon is the only scale available,
one can define Go = G,/X),, which allows us to rewrite
(71) in the suggestive form [22]

A h

S = .
4Geff

(73)

The variable conjugate to the dilaton charge D, used to
determine the location of the cavity around the black hole is
called the dilaton chemical potential y ., which is obtained
from the free enthalpy by

oG 1
- __-¢ — O /JE —\/
Ve = aDL T.A - D) Uce ( gc 50)
1 1 1
“wl— AR -—). 74
’ <2 " > <féc \F&)) 7

In the case A = 0, this expression reduces to the one found
in Ref. [22]. The presence of a negative cosmological
constant increases the value of the dilaton chemical
potential at the cutoff surface.

The third pair of variables is given by A and its conjugate
®.. These correspond to the pair ¢ and ®,. when the
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interpretation of the U(1) charge as a cosmological con-
stant is not invoked. The quantity ®., which we shall refer
to as the “thermodynamical volume,” is obtained from the
Gibbs free energy by

dG, h., h, h,

_Z=c — . 75
A |y, 7 )

0, =

V& VE

Here, the subscripts %, ¢ denote evaluation at the horizon or
the cavity wall, respectively, and / is the function defined in
(34). The specific coupling f(X) = 1/X, used to model A
as a U(1) charge, yields

h(X) = /X dyye?®), (76)

When evaluated at the horizon, this is precisely the
definition for the geometric volume of a 2D black hole
presented in Ref. [48] up to a constant factor. We shall
elaborate on the connection between ©, and this quantity in
Sec. IV C.

B. Enthalpy, energy and the first law

With the above definitions of the variables of thermo-
dynamic phase space, one can now formulate the first law
of black hole thermodynamics. A Legendre transformation
of the Gibbs free energy (68) with respect to the pair 7', S
yields the enthalpy

H(S A D) = e (VE-VE). ()

This expression for enthalpy coincides with the one
obtained from the boundary stress tensor.

The boundary stress tensor 7%’ is obtained from the
usual Brown-York prescription:

2 or
\/77 5yab

Tab —

. (78)
EOM

This yields
T = —n"V, Xy™ + e 2\/Er. (79)

In particular, the energy measured by an observer along
the timelike unit Killing vector u® is

T, u, = e < (\/§ - \/E), (80)

which coincides with the enthalpy (77) [49].
The first law of thermodynamics can be deduced from
(77) by making use of the relations
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dé, = e (wW.dD, — 2AR.dD, — 2dM — 2h.dA)
+ U,¢.dD.,, (81)

dM = TdS — h,dA. (82)

where the subscript / indicates evaluation at X,. Thus, one
arrives at

dH,(S. A, D) = T.dS — ©,dA -y dD,. (83)

with the temperature 7, from (21), the dilaton chemical
potential . calculated in (74), and the thermodynamical
volume ©, determined in (75). This is the quasilocal form
of the first law of black hole thermodynamics in dilaton
gravity with the cosmological constant treated as a thermo-
dynamic variable (for a discussion of the difference
between the quasilocal and asymptotic forms of the first
law, see Ref. [22]). The three conjugate pairs of variables
are as follows: 1. Local temperature 7. and entropy S,
2. Thermodynamical volume ©. and (sign-reversed) cos-
mological constant —A, and 3. Dilaton charge D, and
dilaton chemical potential ...

When written on the “matter side” of Finstein’s equa-
tions, the cosmological constant acts like a perfect fluid
with pressure p = —ﬁ. Thus, if we identify the
cosmological constant as a negative pressure and denote
the volume as V. = 872G, 0, (for intrinsically 2D models
we have p = —A, V. = 0O, due to our conventions), then
the first law above takes the familiar form
dH.(S,p,...) =T.dS + V. .dp + other work terms. ~ (84)
Similarly, the first law for the Gibbs free energy reads in
this notation

dG.(T,P,...) = —=8dT. + V.dp + other work terms, (85)

while the one for internal energy is given by

dE.(S,V,,...) =T.dS — pdV, + other work terms ~ (86)

and the one for Helmholtz free energy by

dF (T.,V,,...) = =8dT,. — pdV, + other work terms.

(87)

Thus, standard thermodynamics is recovered. The asymp-
totic form of the first law is derived in the next section,
and an equivalent microcanonical analysis is presented in
Sec. V C.

For a vanishing cosmological constant, (83) reduces to
the first law derived in Ref. [22]. We stress again that, in the
framework of 2D dilaton gravity, treating the cosmological
constant as a thermodynamical variable requires no further
assumptions in this setup, since it is just a charge with a
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specific coupling to the dilaton field. The first law for dilaton
gravity coupled to a generic Maxwell field essentially looks
the same. The only differences lie in the definition of the
coupling function and the resulting function A(X), which
always lead to confinement for a cosmological constant,
and the extensivity properties discussed in the beginning of
this section.

C. Asymptotic form of the first law

The conserved quantity M, the mass of the black hole, is
related to the asymptotic limit of the proper enthalpy H,. via

lim EH, =M. (88)

One can readily use the condition £(X;,) = 0 and the result
(71) for the entropy to derive the first law (82) for M. But
this same result also follows from (88) and the quasilocal
form of the first law (83). Differentiating the quantity

VEH, gives
d( chc) = \/aTcdS - \/a(ach - écV/cch
1
0. - -
PO (VR -VE) g pde (39)
Using (81) for d¢,. and taking the X, — oo limit yields
Jim d( fL.HL.) = dM = TdS + h,d(=A).  (90)

Thus, in the asymptotic form of the first law, the quantity
©.dA is replaced by h,dA, which identifies h; as the
(asymptotic) thermodynamical volume V of the black hole
spacetime. Note that the correct expression for V must be
obtained from the first law; the X, — oo limit of \/£,0,
yields additional finite terms besides #;,.

D. Generalization to charged black holes

We generalize now equation (83) for systems with
additional U(1) charges, like Reissner-Nordstrom or
BTZ black holes. This introduces an additional term in
the Killing norm for each charge,

E(X) = €0 <w(X) —2M = 2ARM(X) + Z%%hi(x)) ,
(91)

where the sum runs over the number of additional U(1)
fields. Here, the superscript A indicates that the function
h*(X) is associated with the cosmological constant
coupling function (76). The coupling functions f7(X) for
the U(1) gauge fields are left unspecified, subject only to
the assumption that the h’(X) terms do not dominate the
asymptotic behavior of (91).
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As before, we want the ground state to be asymptotic
AdS. Therefore, we choose &)(X) to be the state with
M = g, = 0. The first law for the Gibbs free energy is thus
generalized to

dG, = —SdT, + ) ®idg;—©dA—y.dD,,  (92)

with @/ being the proper electrostatic potential for the ith
U(1) field:

. 0G, q; hi. — hi
Pl =—F =-—t 93
0q; T..AD, 4 VE 53)

Again, the subscripts 4 and ¢ stand for evaluations at
the horizon and cavity wall, respectively. The addition of
the new charges affects both the Killing norm (91) and the
locus X, of the horizon, but it leaves the expressions (71)
for the entropy S and (75) for the thermodynamical volume
®, unchanged. The dilaton chemical potential, however,
acquires a new term:

oG 1
— _ ¢ - __ -0 —
Ve= (9DC . - 2 Uce (\/a \/a)
1 1 1 g hi
SWe = Mhe || —=——= g (94
+<2W )( gc V§0)+ i 8\/50 ( )

Generalizations to non-Abelian gauge fields are straight-
forward as well, but they will not be discussed in detail
in the present work. The main change as compared to the
Abelian case is that the conserved charges ¢g; are replaced
by the conserved Casimirs of the corresponding gauge
algebra. For each Casimir C;, one can introduce a separate
coupling function f7(X), exactly as above. For instance, in
the case of su(2), one would have only the quadratic
Casimir as conserved quantity from the gauge sector,
while for su(3), one would have quadratic and cubic
Casimirs, which could have separate coupling functions
to the dilaton field.

In the next section we address further developments of
black hole thermodynamics in the presence of a state-
dependent cosmological constant A. Those results also
generalize to charged black holes in the same way as
described above and to black holes with a confining U(1)
charge as described in Sec. II D.

V. FURTHER DEVELOPMENTS

In this section we proceed with some further develop-
ments. In Sec. VA we present an alternative confinement
condition that arises in some applications and violates
our assumption (40). In Sec. V B we unravel the presence
of a Schottky anomaly in the specific heat and explain its
physical origin. In Sec. VC we conclude with a micro-
canonical analysis, thereby recovering in a simple way
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results from the canonical analysis in the limit when the
cavity wall is removed to infinity.

A. Alternative confinement condition

The confinement condition (41) holds, assuming that the
assumption (40) is also true. If instead of (40) the function
w obeys

lim w(X) = 0, (95)

X—o00

then the confinement condition (41) is replaced by

)}im |h(X)| = o0. (96)
The whole discussion in Sec. IIIC remains valid, in

particular the condition (67). We shall discuss two exam-
ples where the conditions (95), (96) hold in Sec. VL.

B. Schottky anomaly

The Schottky anomaly in the specific heat is the phe-
nomenological observation that specific heat can have a
maximum and decrease monotonically at sufficiently large
temperatures. The attribute “anomaly” is justified because
usually the specific heat increases with temperature (or
remains constant) in standard condensed matter systems.
Typically, the Schottky anomaly arises in systems with a
limited number of energy levels, see e.g. Refs. [51,52].

We argue now that generically we have a Schottky
anomaly in the specific heat as long as we are working with
a finite cutoff X.. The specific heat (at constant dilaton
charge D, and constant A < 0) is given by

oS 2aw), — 4rAh),

c = / /)2 ’
8T n_ " (Wh—QAhh)
DA wy" = 20"+ g

C.=T (97)

where the mass M is determined as a function of the
temperature 7., cosmological constant A and dilaton
charge D, from the relation

T w), —2Ah), .
4rr/ % (w, —2M — 2Ah,)

(98)

For small black holes, X;, <« X, the behavior of specific
heat depends on the particular model. Either specific heat
tends to zero from above as the black hole shrinks, or there
is a Hawking-Page phase transition, in which case specific
heat could have a pole at some critical temperature and
become negative below that temperature. So there is no
universal behavior of specific heat for small black holes.

For large black holes, X, = X.(1 —¢) with € < 1, we
expand in powers of e and obtain

C. = e4nX), + O(2). (99)
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This quantity is non-negative for positive €. Thus, specific
heat tends to zero from above as the horizon approaches the
cutoff surface. At the same time, temperature is monoton-
ically increasing in this limit,

o _ L /W, — 28R,
© Ve an\/e2X,

since the Tolman factor diverges if the black hole horizon
coincides with the cutoff surface due to an infinite blueshift.
Parametrically we have the relation

+0(Ve), (100)

N?+ O(e)
C. = — (101)
where N? is some numerical factor given by
wl, — 2AR,
N?=—°¢ ¢ 102
dre?: (102)

that is independent from e. The 1/72 behavior of specific
heat in the high-temperature limit is typical for a non-
interacting spin system (“ideal paramagnet”) in an external
field, see e.g. Ref. [52].

In conclusion, specific heat decreases strictly monoton-
ically as a function of temperature for black holes whose
size approaches the cutoff surface. If specific heat is
monotonically increasing at some lower temperature, by
continuity specific heat must have a maximum. This is the
essence of the Schottky anomaly for the specific heat.

In fact, it is simple to understand the physical origin of
our Schottky anomaly. Namely, the large growth of temper-
ature is not associated with a large growth of states or
a large growth of the black hole mass, because there is
literally no room left for additional states, as the black
horizon is already close to the cutoff surface. Instead, the
growth of temperature is almost entirely due to increased
blueshifts. This is why the specific heat is decreasing, as is
the case for the Schottky anomaly.

The Schottky anomaly above exists for arbitrary models
compatible with our assumptions, as long as we work at
finite cutoff X.. If one would like to have a Schottky
anomaly that persists as the cutoff is removed to infinity,
then one would need to introduce functions w and # that are
chosen such that the specific heat for X. — oo,

w), — 2Ah),

Coo = lim C, = 270 =220
S Y YV

(103)

is positive and has a maximum if expressed as a function
of T. None of the models that we are going to discuss as
examples has this property. It could be interesting to
construct such examples in order to model Schottky
anomalies in an AdS/CFT context.
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C. Microcanonical analysis

While so far we have worked in the canonical ensemble
(or related ensembles), our main result (1)—(4) can also be
applied to microcanonical thermodynamics. In that case
the cutoff, which is needed to ensure the existence of the
canonical ensemble in most models, is not introduced. As a
result, there is no dilaton charge or dilaton chemical
potential, and Tolman factors do not appear.

Let us start by directly deriving a microcanonical first
law. By analogy to Ref. [22] we formulate first “Smarr’s
law,” i.e., a relation between the mass parameter M and
other parameters (the cosmological constant A and value of
the dilaton at the horizon X),):

1
Differentiating this relation obtains
1
dM = (5 wh, — Ah’h> dX;, — hy,dA, (105)

where the subscript 4 denotes evaluation at the horizon.
With the Hawking temperature T = ~! from (20), the
Bekenstein-Hawking entropy S from (71), the pressure
p=-MN/(87G,,), and the volume V = 8zG . h; [see
(76)], this yields the microcanonical first law [see (82)]:
dM (S, p) = TdS + Vdp. (106)
This is the same result obtained via an asymptotic analysis
in Sec. IV C.
In the next section we consider various examples of
canonical and microcanonical black hole thermodynamics in
the presence of a state-dependent cosmological constant A.

VI. EXAMPLES

In this section we present three examples. The purpose of
the first two examples is to confirm that our general results
in Secs. II, III, IV and V are correct, so we focus on
recovering known results in the language of 2D dilaton
gravity. We stress here the generality of our results, which
can be applied to any 2D dilaton gravity theory, subject to
the conditions (40) and (41) [or the alternative conditions
(95) and (96)] with (52) on the model-dependent functions
U(X) and V(X). As the last example we discuss one of the
simplest intrinsically 2D models whose solutions asymp-
tote to AdS and whose potentials obey the alternative
confinement conditions (95) and (96) [again with (52)].

A. AdS-Schwarzschild-Tangherlini

Since AdS-Schwarzschild-Tangherlini is an effectively
2D spacetime [fibered by (d — 1)-spheres], it can be
described in the framework of 2D dilaton gravity. For a
thorough treatment of the thermodynamics of this space-
time, see e.g. Ref. [53]. We will make use of the
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prescription for spherical reduction of higher-dimensional
black holes given in Ref. [22] and take into account the
proportionality factor omitted in (45), which involves
Newton’s constant in d + 1 dimensions, G, .

U(X) = —(dd_;lz)x, (107)
V(X) = —%(d— (d=2)TAXI2.  (108)

Here T = S:é;i - where A,_; denotes again the solid angle

subtended by the (d — 1)-dimensional unit sphere. We
assume 1 < d < oo.

According to our general discussion we add now a U(1)
gauge field with coupling function (52). The functions
w(X), eX) and h(X) are easily calculated to yield

w(X) = (d — )Y#XH, (109)
00 = 1 pioyi (110)
d—1 ’
| P
h(X) :3T1—dXd—1. (111)

We recover the first law (83) for AdS-Schwarzschild-
Tangherlini black holes with variable cosmological con-
stant with the volume

1 (XTT xTT x
*( < < i > (112)

O =—-Yr| —-—
L V& VETVE

d
The dilaton field is related to the radial coordinate r of
(d + 1)-dimensional AdS-Schwarzschild via
X(r)=Tri-1, (113)
From the results above, the known relations for temperature
and surface pressure follow (see Ref. [53]).

If written on the right side of Einstein’s equation, the
cosmological constant can be regarded as a negative
pressure p = —A/(872G,4, ), concurrent with our general
discussion in Sec. IV B. If the cavity is removed, X, — oo,
then the asymptotic form of the first law given in
Sec. IV C is

dM(S, p) = TdS + Vdp, (114)
where V = 872G, hy, is the volume of a (d — 1)-sphere
with radius ry,:

1

VZEALI—IVZ' (115)

Thus, the mass should be regarded as enthalpy in AdS
space. This result was discussed already in Refs. [6,8—11].
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B. BTZ black holes

BTZ black holes are solutions of Einstein gravity with a
negative cosmological constant in three dimensions [54,55].
In Ref. [56], a Kaluza-Klein reduction to 2D of BTZ black
holes was presented. However, in this treatment the angular
momentum J enters as a parameter in the action rather than
emerging as a constant of motion. In the same way that
the cosmological constant can be promoted to a constant of
motion by integrating in a U(1) field, a nonzero angular
momentum of BTZ can be treated by introducing an additional
U(1) field with a specific coupling and charge ¢ = J [22].

The following functions are used to model BTZ in 2D
dilaton gravity:

e2X) = 4G;, w(X) =0,
1
X =5 Fx)=-26x
1
WA (X) = 2G, X2, (X)) =——. 116
(X) =26, %) =Gz (116

The BTZ black hole is thus a model satisfying the
generalized confinement condition given in Sec. VA.

With the functions (116) in the action, the analysis of
Sec. IV D yields the first law for BTZ black holes with
the cosmological constant as a thermodynamic variable.
In terms of the (proper) enthalpy, the first law reads

dH, = T.dS +Q.dJ - ©.dA —y.dD,., (117)
with
2 1 [ £]\2
TC:# Xh__3 —J N (118)
ﬂf\/f_c Xh 4G';
J 11
Q=—|(=-—), 119
463¢§7.<x%, x) 1)
4G5 (1 1/ J
- CH.o—— )2 120
”. E(f c X3(4G3>), (120)
A A A
@C:<h“ _ e +h”>, (121)

where we have introduced the AdS radius # related to A in
three dimensions via A = — #. The dilaton is related to the
standard AdS radial coordinate r by X = r/(4Gj3). Using
this to rewrite the thermodynamic quantities in terms of the
inner horizon r_ and outer horizon r_, given by

re =VAGM 14 /1 -5

gives the thermodynamic quantities (118)—(121) in their
more familiar forms.

(122)
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Again, we express the cosmological constant in terms of
the associated pressure p = — FAQ Accounting for Tolman
factors, using the relation (88), and taking the limit
X, — oo, one recovers the analogue of (114) for BTZ
black holes, which was already presented in Ref. [8]:

dM(S,J, p) = TdS + QdJ + nr’dp. (123)
The last term again contains the geometric volume
V = zr? of the black hole, see Ref. [48].

C. Jackiw-Teitelboim model

The Jackiw-Teitelboim model [57,58] has vanishing
kinetic potential, U(X) =0, and linear dilaton self-
interaction potential, V(X) = AX. Like in our general
discussion, we convert the parameter A of the action into
a constant of motion by integrating in a Maxwell field.

In our conventions the relevant functions read

o(X)=w(X) =0, hX)=— (124)
The Killing norm (33) simplifies to
E=(-N)X?-2M, (125)

so that the Killing horizon for negative A = —1/£7 is
located at

X, =¢V2M. (126)
The confinement conditions (95) and (96) hold, so the
gauge field is confining:

V2

AT(X) = _E

(P =X2)+A(X)) 4, =0. (127)

Thus, the Jackiw-Teitelboim model is the simplest example
of the class of models that satisfy the generalized confine-
ment condition presented in Sec. VA.

The Hawking temperature (20) yields

! V2M
T= < =—, (128)
drn|y_x, 2al
so that the Tolman temperature (21) is given by
V2M
T (129)

/X2 =20°M

which leads to a unique value for the mass as a function of
T., A, and D, = X_:
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2722T2AD?
M(T.,A,D,) = ———. 130
(T.A.D) = ¥ (130)
The Gibbs free energy reads
G.(T.,A.D,) = DC<\/—A —\[4n2T2 - A). (131)
From the Gibbs free energy we derive
oG, 4n’T.D
S =- ¢ = ¢ 2rX N 132
OTc|rp, /4r*T2-A " (132)
0G, D 1 1
0, =-—"- :—C< - > (133)
ONlr p, 2 \WV-A /4r’T2-A
oG,
We=——- =/4n’T? — A — V-A. (134)
aDc T.A
As it must be, the first law holds:
dG, = -8dT,. - ©.dA — y.dD.. (135)

For small temperatures, T% < A2, entropy vanishes
linearly, while volume and dilaton chemical potential
vanish quadratically in 7.. For large temperatures,
T4 > A?, entropy and volume approach constant values,
while the dilaton chemical potential diverges linearly in 7.

Other thermodynamical quantities of interest can be
calculated straightforwardly. As an example, we calculate
the specific heat at constant A and constant dilaton charge
and find

N _ 4x’T.(-A)D,

CC|A,DC:TCGTA =S >0, (136)
clIAD,

@212 — A2 =

Thus, specific heat at constant A and constant dilaton charge
is non-negative for the Jackiw-Teitelboim model and van-
ishes linearly at low temperatures, just like a free Fermi gas.
The high-temperature behavior, which is valid in the limit of
large black holes, X3 > X2 — X7, is given by

Dc (_A)
¢ 2nT?

+O(T:) (137)

in accordance with equation (101) and thus exhibits the
Schottky anomaly predicted from our general discussion in
Sec. VB.
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