PHYSICAL REVIEW D 105, 126022 (2022)

de Sitter black holes as constrained states in the Euclidean path integral
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Schwarzschild—de Sitter black holes have two horizons that are at different temperatures for generic
values of the black hole mass. Since the horizons are out of equilibrium, the solutions do not admit a
smooth Euclidean continuation, and it is not immediately clear what role they play in the gravitational path
integral. We show that Euclidean Schwarzschild—de Sitter is a genuine saddle point of a certain constrained

path integral, providing a consistent Euclidean computation of the probability ~e~(Sis=5sas) to find a black

hole in the de Sitter bath.
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I. INTRODUCTION

A surprising property of de Sitter space is that local
excitation lowers the total entropy. In the case of black
holes, the sum of the cosmological and black hole horizon
areas in Schwarzschild—de Sitter (SdS) solutions decreases
as the black hole mass increases. On these grounds, it has
been suggested that local excitations should be thought
of as constrained states of horizon degrees of freedom in
empty de Sitter [1,2] (see also more recently Refs. [3-7].
Here, we show that the constrained state idea is also useful
to describe the contribution of black holes to the bulk
Euclidean path integral.

In static coordinates, the Euclidean continuation of SdS is

ds* = f(p)dr* + f(p)~'dp® + p*dQ?
flp)=1-2M/p—(p/L)*. (1)

L is the de Sitter radius, and M is the black hole mass
parameter. The black hole and cosmological horizons r,, .
are located at the zeros of f, and this metric has an
irremovable conical singularity at one of them. More
precisely, each horizon has a potential conical singularity,
and typically only one of the two can be removed by a choice
of periodicity of ¢. For this reason, Euclidean SdS does not
provide a useful saddle point of the ordinary path integral,
except in the Nariai limit, where the temperatures coincide
and the solution is smooth [8].

However, Euclidean SdS does provide a genuine saddle
point of a constrained path integral. The constraint is the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2022/105(12)/126022(6)

126022-1

specification of boundary data on a sphere that uniquely
determines the mass of the enclosed black hole. This
constraint can easily be imposed if the path integral is
decomposed into path integrals over fields in the two
regions separated by the sphere, similarly to the factoriza-
tion of transition amplitudes into regions separated by a
time slice. In this paper, we study this factorization and use
it to show that black holes contribute to the de Sitter
partition function with the probability weight eSsss=Sas, This
result can be anticipated on other grounds, but our goal is to
explain how it arises from the semiclassical approximation
to the Euclidean gravitational path integral.

Previous work has also interpreted SdS in terms of
constrained path integrals [9]. Reference [9] placed one of
the conical singularities on a spatial slice continued to
Lorentzian signature. Our treatment differs by working
purely in the Euclidean signature, with a fixed mass
constraint applied geometrically at a finite radius (which
would become a timelike surface after continuation). Our
constrained instanton exhibits a discontinuous lapse func-
tion instead of a conical singularity; however, the semi-
classical actions obtained by the two methods agree. For
other uses of constrained instantons in gravitational path
integrals, see Refs. [10,11].

This paper is a companion to Ref. [12] in which we
discuss some other properties of Euclidean SdS in four
dimensions, focusing on cavity partition functions and
equilibrium thermodynamics. Recent interesting work
related to this includes Ref. [13], which considers similar
physics in two dimensions and in finite causal diamonds
[14,15], and Refs. [16,17], which address the stability
problem for cavity black holes with zero or negative
cosmological constant.

Recently, we became aware of an analysis of the same
problem by Morvan et al., which subsequently appeared in
Ref. [18]. The results in Ref. [18] are in agreement with
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ours, although the methods differ in the details; our focus is
on the factorization properties of path integrals and the
geometrical imposition of the constraint.

II. FACTORIZATION AND BOUNDARY TERMS
IN THE PATH INTEGRAL

Before examining SdS specifically, let us take a step
back and review some properties of the gravitational path
integral, particularly the factorization properties with fixed
boundary data in the Hamiltonian formalism. In writing the
path integral, we can use either the Euclidean Lagrangian
action /., containing both the Einstein-Hilbert (EH) action
and the Gibbons-Hawking-York (GHY) boundary term or
the Euclidean Arnowitt-Deser-Misner (ADM) action with
certain boundary terms By and By :

1
I,C = d4x\/§(R—2A) —gﬂM d3x\/77K, (2)

167
1 )
IADM = —/ dt/ d3x(ﬂabathah - NH - NuH(/l)
167[ tl 2’

+ By + By, (3)

For our purposes, it will be sufficient to focus on manifolds
of fixed topology. The path integral in the Hamiltonian
formalism is

Z= / Dhy, Dz DNDN je~!soulhas 7 N.NJ = (4)

. . . 1
The Hamiltonian and momentum constraints are

1 1
H =GR+ A (”ab”ab - 5752), (5)
o = /i, (2 6
— v, (*-),
(\/E) (6)

where D, is the covariant derivative compatible with
the metric h,, on the slice X, induced by the spacetime
metric g,p,.

We will be interested in the path integral over metrics on
M = §*, for which the saddle point is empty Euclidean
de Sitter, and we denote the partition function by Z s, as well
as in path integrals on subregions of S*. In the former case,
there are no boundaries, and so boundary terms play no role,
but in the latter case, there will be boundaries that partition the
manifold. The Euclidean time foliation is also periodic, and
therefore we omit the limits on the # integrals going forward.

Different choices for the boundary terms By and By
correspond not only to different classical variational prob-
lems but also to different ways in which the full path integral

'Note that the relative sign of the curvature and momentum
terms differs between Euclidean and Lorentzian signature.

can be split into path integrals over fields in different parts
of M. We discuss first the standard choice of boundary terms,
related to the canonical ensemble, and then an alternate
choice, related to the microcanonical ensemble.

A. Canonical boundary data

The boundary terms By and By are usually chosen so
that 7,py has a well-posed variational problem with fixed
hay, N, and N, at the boundary. They can be derived by
requiring that their variations cancel the surface terms
generated by the variations of the bulk term. Let us
introduce a radial coordinate p, analogous to the one that
appears in the static coordinate representation of de Sitter,
although we make no assumptions about metric symmetries
at this stage. Using the Gauss-Codazzi relations, we can
write the spatial curvature scalar G)R as

OR =R+ k> —k,pk® 2D, (r'k) + 2D, (r’ D, %), (7)

where r“ is the unit normal to surfaces of fixed p, s,
and @R are the induced metric and curvature scalar,
ka, = s5D.1p, is the extrinsic curvature, and k = k%. Let
T be a surface defined by p = r, and consider the action on
one side of 7. Using Eq. (7), the integral of NH can be
written as the bulk integral of an expression containing at
most first-order radial derivatives of N and h,,, plus a
boundary term

2/dt/ d*x\/s(Nk — r,r’Dr%), (8)
S,

where S, is the intersection of 7 and %,. Since r*r, = 1, the
second term in the integrand vanishes. So, we can cancel
the contribution of (8) to the action by the choice

1
By = —S—/dt/ d*x\/sNk  (canonical). (9)
T S,

Similarly, the sum of the momentum constraint term in
Ispp and the boundary term

1 ﬂah
By =—— [ dt | &®x\/sN,—=r 10
v [ [ v 0

is proportional to the bulk integral of /sz*’D,N,.
Therefore, the boundary terms (9) and (10) allow us to
write Iapy as the bulk integral of a function of the field
variables and their derivatives, with at most first-order
radial derivatives. A related property is that the variational
problem of 7,py with these boundary terms is well posed
with fixed h,,, N, and N, on 7.

Now, let us consider both sides of 7. 7 divides M into
two regions, M, and M,. We would like to write the path
integral over fields defined on M as a product of path
integrals over fields on M and M,, with a path integral
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over data at the interface. The result, given below in
Eq. (13), is in some sense what we might expect, but in
fact, it is intricately tied to the choice of the boundary terms.
Since we will change the boundary terms in the next
section, we start by elaborating on this connection.

One way to approach the problem of factorization is to
consider the domain of the action functional appearing in the
path integral.2 Of course, the action is well defined—i.e.,
without specifying additional UV data—for smooth metrics,
but it is also well defined in this sense for a larger space of
field variables. We have some freedom in this extension.

We focus on the continuity properties of the fields at 7.
If we take h,;,, N, and N, to be continuous (in p) at 7, then
it is not necessary for k and 7%’ to be continuous (in p) at 7
in order for the ADM action to be well defined. There may
be Dirac delta functions in the bulk integrand, but they
are multiplied by continuous functions of p and so are
integrable without regularization.

Furthermore, we have seen that the action can be written
as a bulk integral with at most first-order radial derivatives
of the field variables (in fact no derivatives of z?). In this
form, there will be no Dirac delta functions in the action
density in M even if k and 7% are discontinuous, merely
products of discontinuous functions. The action on all of
M can be written in this way, as can the action on each of
the subregions M, and M,. Therefore, in this form, the
action functional manifestly satisfies the additivity property

Iapm(M) = Ixpm (M) + Ixpm(My). (11)

This decomposition is immediate when using the “purely
bulk” form of the action in the subregions, and therefore it
also holds in the equivalent bulk + boundary form, for
boundaries placed just on either side of 7.

Let us illustrate these comments more explicitly with
the example of discontinuous k. Using Eq. (7), the ADM
action of a metric on all of M contains terms that can be
expressed in different ways:

1
1 D+ — ND,_(r‘k
ADM +875/M (k)

1

=—— | (D,N)rk
87 M
L[ onr—2 [ o8k
87 M, “ 8 M, a
1 1

—+— [ ND,(rk)+— | ND,(rk)
87 M, 8 M,
1 1

- d3x\/§Nk——/ d*x\/sNk. (12)

T JT7- 8 T+

*The importance of boundary terms that allow us to write the
action in a purely bulk form satisfying Eq. (11) was already noted in
the context of the usual factorization of transition amplitudes [19].

There are no boundary terms in the first line because M
does not have a boundary. In this line, the integrand
contains radial derivatives of k and so exhibits a delta
function singularity if k has a discontinuity in p at 7.
However, it is multiplied by N, which is continuous at the
singularity, and so the integral remains well defined. In the
second line, both d,N and k can be discontinuous in p at 7,
but again the action functional is well defined, and more-
over there is no delta function singularity. This makes the
split into subregions trivial in the third line. In the fourth
line, we return to the original form of the action in the
subregions, which has boundary terms on both sides of 7,
denoted 7*. The boundaries excise the delta function
singularity, and its contribution is reproduced by the
boundary terms.

With Eq. (11), it is clear how the path integral decom-
poses. Variables that are required to be continuous in p at 7-
are shared between the two regions and therefore must be
integrated over only once. We can write the factorization as

ZdS:/ DsahD]\',D]vaZ(-/\/t1|sabv]\]v]Va)Z(Sabv]\,v]va|~/\/12)7
T
(13)

where 7 in the subscript of the integral is a mnemonic that
integration variables are defined on the boundary 7. We
indicated explicitly the dependence of the path integrals
in M, and M, on the boundary data at 7, using notation
suggestive of the insertion of a complete set of states in
quantum mechanics. Since Z(M,) and Z(M,) are other-
wise independent, it is clear that Zg receives contributions
from metrics on M in which some properties can be
discontinuous—for example, /,, may be discontinuous in
p at 7, leading to discontinuous k, as discussed above. In
the next section, we will consider a different but analogous
factorization.

The boundary data over which we integrate in Eq. (13)
includes only the metric s,;, induced on S, = Z, N 7, even
though the discussion above suggests that the entire spatial
metric A, needs to be continuous at 7 in order for Eq. (11)
to hold. The difference arises because of a choice of gauge,
which we now discuss in some detail.

In the Hamiltonian formalism, it is convenient to impose
the gauge condition

e =0 fora#patT, (14)

and then there is no integration with respect to the boundary
value of these components (i.e., with respect to h,,, a # p,
and N ). This condition is not restrictive; since it is imposed
only on the boundary, the stationarity of the action still
provides the full set of field equations in the bulk. Also,
for any solution, the gauge condition (14) can always be
satisfied by an appropriate foliation in the neighborhood of
T. We will assume that this gauge condition is satisfied.
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This leaves only the question of the continuity properties
of hy,.

To address the question of &,,, it is convenient to look
first at the Lagrangian form of the action. As is well known,
the variational problem of /. is well posed even if only the
induced metric on the boundary is fixed. Therefore, in the
Lagrangian formalism, g,, does not need to be continuous
in p at 7, and the factorization property analogous to
Eq. (13) has an integral only over the induced metric on 7.
To see that the same is true in the Hamiltonian formalism,
first note that the terms containing the momentum in the
purely bulk form of the ADM action (terms proportional to
D Ny, 0;hgp, and 7,;,) do not contain radial derivatives of
h,p at 7. This is because the gauge condition Eq. (14) sets
N? =0 on 7. Another useful consequence of (14) is that it
ensures that /,py with the boundary terms (9) and (10) is
equal to I, after z¢° is eliminated by Hamilton’s equation.
It follows that &, does not need to be continuous for the
factorization in the Hamiltonian formalism with boundary
terms (9) and (10) if Eq. (14) is satisfied.

This is the reason why we integrate only over s,;,, N, and
N, in Eq. (13). (Our notation for the path integral measure
is schematic and does not indicate explicitly in DN, that N,
is not integrated over.) The path integral over the boundary
values of the remaining field variables [i.e., i,, and b if
Eq. (14) holds] can be performed independently in the two
regions. Therefore, these integrations are automatically
included in the definition of Z(M,) and Z(M,).

B. Microcanonical boundary data

The factorization in (13) is not the only interesting
case. Now, we discuss a different decomposition which is
connected to a different set of boundary terms. First, note
that Eq. (7) contains only first-order radial derivatives of
the metric, apart from the term proportional to D, (r%k).}
Instead of the boundary term in (9), let us take

By=0 (microcanonical). (15)
With this choice, the term —2ND,(r“k) in the action
density is no longer effectively integrated by parts. We
still choose By, as in Eq. (10) [this is why “canonical”
appears in Eq. (9) but not in Eq. (10)], and then we only
need to integrate by parts in the momentum constraint term
to cancel out By and write Ispy as a purely bulk integral.

What are the factorization properties of the path integral
with these boundary terms? Again, let us appeal to the
action functional. Take s, k, and N, to be continuous in p
at 7. Then, in the gauge (14), the action is well defined

3The radial derivatives in the last term in Eq. (7) are only first
order because r*r, = 1 implies that A* = r? D, r¢ is orthogonal
to r%, so its divergence D,A® contains derivatives of A% only in
directions tangent to the constant p surfaces.

without additional UV data, even if N and h,, are
discontinuous.” The additivity property (11) is manifest
already in the ordinary form of the ADM action,

1
1 D — ND_ (r'k
ADM 8”//\4 (k)

1

1
=— [ ND,(rk) +—
87T Ml (l(r ) +8

JTM2

ND,(r*k), (16)

and it implies the following factorization of the path
integral:

ZdS = / DsakaDNaZ(M] |sab’k7Na)Z(Sab’k’Na|M2)'
T

(17)

This holds already in the ordinary form of the ADM action,
Eq. (3), with the new choice of boundary term By =0
on either side of 7. [The measure in (17) is somewhat
schematic, but it is not important for our purposes.]

Let us pause and make two comments:

(i) Equations (17) and (13) may be thought of as giving
two different “complete set of states” insertions into
the same partition function Zyg.

(i) The temporal foliation of 7 need not have a
continuation into the bulk of both M, and M, that
is nonsingular everywhere. That will be the case
for Euclidean SdS, and we will deal with this
mild complication below. Although we used the
Hamiltonian formalism in the derivation above, once
a foliation is defined on 7, we can specify the
boundary data with which Z(M,|s,;, k,N,) and
Z(Sap, k, N,JM,) are well defined. Then, they can
be computed using the Lagrangian formulation with
action /., for which no bulk foliation is required,
plus appropriate boundary terms.

4hpp is not fixed on 7 in the canonical factorization, and
therefore it can be discontinuous in the path integration. In the
microcanonical factorization, with the purely bulk form of the
action, essentially we require continuity of k, relax continuity of
N, and swap a (D,N)r% term in the action for an ND,(r"k)
term. By inspecting these terms, one can see that this swap does
not introduce a singularity even if 4, is discontinuous as long as
k and s, are continuous. (k does not depend on d,%,,, so it is
nonsingular even if h/,/, is discontinuous; furthermore, it can still
be continuous even if /1, is not because k also depends on d,s,,,
which is unfixed.) All the other terms in the action are the same as
in the canonical factorization. It follows that /,,, is not fixed on 7
in the microcanonical factorization and can be integrated over
independently in the two regions. However, we will see A, is
actually continuous in the saddle point solution. Physically, this is
because a discontinuous #,, implies the presence of a shell of
matter, which gravitates and pulls the cosmological horizon
inward, lowering the total entropy [12].
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III. SdS AS A CONSTRAINED STATE

Now, let us discuss constrained states. The restriction to a
black hole of mass M is obtained formally by inserting a
delta functional at 7, concentrated on the boundary data
(s¥, kM, NM) of the black hole. This gives

ZM = Z(M|sM kM NMYZ(sM kM NY M), (18)

Before we proceed, let us elaborate on the motivation for
fixing k instead of N. A priori, we could do either, and no
particular justification is required for choosing one or the
other. However, there is a reason to preferentially fix k.
With the canonical factorization and a shared fixed boun-
dary metric, we obtain two products of canonical partition
functions. However, the canonical ensemble is not well
defined for spherical cavities at positive cosmological
constant. The lowest-action solution in each region con-
sistent with the boundary conditions contains a cosmo-
logical horizon and possesses a negative heat capacity [12].
In contrast, the cavity solutions with fixed k have a
consistent microcanonical thermodynamic interpretation
[12]. This is one reason we proceed with the micro-
canonical factorization.

As in the more general discussion of Sec. II, we adopt a
coordinate system where 7 lies at a fixed radial coordinate
p=r.0n T, weset N,=N¥ =0, we fix s,, = sM to
the ordinary round metric 7dQ3, and we take k = kM =
2\/f(r)/r with f given in Eq. ().

The semiclassical approximation can now be applied to
each region separately. Euclidean SdS is a solution in each
region, and now both conical singularities can be removed
by an appropriate rescaling of the lapse function. Let the
periodicity of the time coordinate be such that the metric (1)
is smooth for p < r;i.e., t ~t+ 1/T,, where the black hole
temperature 7, (M) is determined by the mass M consistent
with the fixed value of k. The corresponding cosmological
horizon temperature 7. is likewise determined by M. Then,
the smooth semiclassical solution for p > r and the same
temporal periodicity is

ds> = f(p) @)2””2 + fp) N dp? + p2dQ2. (19)

Cc

There is no conical singularity at the cosmological horizon
p = r.. The lapse is not continuous at 7, but it does not
need to be.

The momenta vanish in SdS, and so one might conclude
that the semiclassical action (3) vanishes. This is not quite
correct for reasons described in Refs. [20,21]. As alluded to
in the bullet points above, the problem is the time foliation
used in the ADM action above cannot be extended every-
where into the bulk; the foliation breaks down at the two
horizons. The SdS solutions are smooth at these points, but
the ADM action cannot be evaluated. Fortunately, there is a

trick whereby we can still take advantage of the simplicity
of the ADM form in the evaluation of the action on a
stationary solution. We start with the EH action in the entire
spacetime, which has no boundaries. The EH form is valid
everywhere. We draw infinitesimal boundaries 7, and 7 .
around the black hole and cosmological horizons. If
Eq. (14) holds, the EH action between 7, and 7 .. is equal
to the ADM action with the canonical boundary terms (9)
and (10) minus the GHY terms at 7, and 7 ... (This follows
from the equality of /, and the canonical ADM action on a
solution.) As a mnemonic, we may think of this trick as
removing the coordinate singularities of the ADM formal-
ism by switching to the Lagrangian formalism very close
to the singularities, with suitable boundary terms at the
interfaces.

In this form, the on-shell action is particularly simple to
evaluate. In the limit that the boundaries 7, . are taken
infinitesimally close to the horizons, all of the bulk
contributions to the SdS action vanish. The bulk ADM
contributions in Eq. (3) vanish because of the constraints
and 79° = 0, and the EH contributions inside the infini-
tesimal boundaries 7, . vanish because the curvature is
finite and integrated over a region of zero volume in the
limit. The By, boundary terms near the horizons are also
zero on SdS, and the canonical Hamiltonian boundary
terms at each horizon vanish because Nk — 0 at those
points. Thus, the entirety of the classical action is due to
GHY terms on the infinitesimal boundaries 7, .:

Liow = Iouy (T ) + Iony(T.)
=—(A, +A.)/4. (20)

Happily, the result does not depend on the radius r where
we placed the constraint; the total action is just minus the
total entropy.5 Regardless of where the constraint is placed,
the boundary data correspond to the same physical state
in Lorentzian signature—the unique Lorentzian SdS sol-
ution with that value of M—and so the r-independence of
Eq. (20) means that Z¥ is a well-defined property of this
state. More generally, it is not necessary to construct it with
a spherically symmetric constraint. 7 can be any static
surface enclosing the black hole, and for suitable boundary
data, we will still obtain the same Z¥.

As a formal prescription for performing a continuation
of the full discontinuous Euclidean solution to Lorentzian
signature, we can proceed as follows. First, we change the ¢
coordinate in one region so that the lapse is continuous
but the coordinate periodicity is not. Then, in each region,

It is also possible to obtain the same result for the action by
regulating the conical singularities by an arbitrary smooth metric,
then taking the limit [22]. This fact follows from the Gauss-
Bonnet theorem, but it does not appear to shed light on the role of
SdS as a constrained state in the semiclassical approximation.
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we perform the naive continuation, which erases the
discontinuity in the periodicity by decompactifying ¢ in
both regions. The result is the unique SdS solution of the
given mass, which is smooth apart from the black hole
singularity.

IV. CONCLUSIONS

Thus, the saddle point of the constrained path integral
computes the probability of finding a black hole of mass M
in the de Sitter ensemble,

P =ZW/Zys ~ eSSl (21)

normalizing to the unconstrained partition function. This
interpretation offers a resolution to the semiclassical

meaning of Euclidean SdS. The usual conical singularity
can be exchanged for a discontinuity in the local temper-
ature at some radius, encoding the absence of thermal
equilibrium. The discontinuous geometry is a stationary
point of the action with the constraint, and it yields the
expected result that fluctuating a black hole into existence
is exponentially rare in the entropy deficit.
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