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ABSTRACT: We study a model for the initial state of the universe based on a gravitational
path integral that includes connected geometries which simultaneously produce bra and ket
of the wave function. We argue that a natural object to describe this state is the Wigner
distribution, which is a function on a classical phase space obtained by a certain integral
transform of the density matrix. We work with Lorentzian de Sitter Jackiw-Teitelboim gravity
in which we find semiclassical saddle-points for pure gravity, as well as when we include
matter components such as a CFT and a classical inflaton field. We also discuss different
choices of fixing time reparametrizations. In the regime of large universes our connected
geometry dominates over the Hartle-Hawking saddle and gives a distribution that has a
meaningful probabilistic interpretation for local observables. It does not, however, give a
normalizable probability measure on the entire phase space of the theory.
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Introduction

Understanding the initial conditions for the cosmological evolution of our universe is a

fundamental unresolved problem. One existing proposal relies on the path integral formalism

which provides the wave function in the following form:

Xbshij iS
\Il(Xbahij) :/ D[X]D[guu]e .

(1.1)

Here xp and h;j are the “boundary” values of matter fields and the metric defined on a given

time slice. One of the matter fields or components of the metric can be thought of as time in



which case the wave function describes the probability amplitude that the universe occupies
a state with the remaining matter fields in the specified configuration and the specified
spatial metric. Initial conditions are then determined by the class of field configurations over
which one integrates. In reference [1] a very appealing proposal was made to integrate over
smooth complexified geometries. Then on inflationary backgrounds dominated by a positive
cosmological constant there is a dominant saddle point contributing to (1.1), that we will
refer to as the Hartle-Hawking (HH) state. When the universe is large, we can think of it
as approximately classical. This justifies a semi-classical approach, in which one considers
quantized matter fields and metric perturbations on a classical background as is done in
cosmological perturbation theory. This leads to a density fluctuation spectrum in line with
CMB observations [2, 3], however the probability distribution for the curvature zero mode
appears to be inconsistent with observations: the wave function of the universe calculated
with the above proposal implies that a very short period of inflation is strongly favoured
statistically [4], see [5-8] for recent discussions of this problem.

Nevertheless, the no-boundary proposal is theoretically very appealing: it can be thought
of as an effective theory for the initial conditions of the universe which replaces the early
time singularity with smooth configurations of fields present in the low energy theory and
captures universal properties of the state accessible to a low energy late time observer.
It stands to reason to look for new contributions to the gravitational path integral, still
satisfying the no-boundary condition, that may in some cases dominate over the HH saddle.
Further motivation can be found in the context of black hole physics, in particular black
holes in asymptotically anti-de Sitter spacetimes. The situation there is more clear because
in addition to a gravitational description there is a more rigorous approach provided by the
AdS/CFT correspondence [9, 10]. It was recently discovered that apparent inconsistencies
on the gravity side are fixed and, in addition, rather subtle features of quantum black hole
dynamics are reproduced, once geometries of non-trivial topology are included in the path
integral [11-14]. Many such geometries include connected contributions between universes
with two or more asymptotic boundaries.

In inflationary cosmology the boundary is a spatial slice on which the state is defined and
in order to compute any physical observable two boundaries are needed: one for the bra and
one for the ket of the wave function. Motivated by this idea, [15] considered geometries that
have a connection between the “universes” that prepare bra and ket of the wave function,
so-called “bra-ket wormholes”, see figure 1.! When we compute an observable, for example
a correlation function, we couple the degrees of freedom belonging to the two sides. This
coupling may have a complicated effect on the observables in the full UV theory, and it
can manifest itself as a geometrical connection in an effective theory at early times. In
the context of AdS/CFT, there seems to be increasing evidence that wormholes emerge
from a coarse-graining of a more complete microscopic description [20-24]. Corresponding
geometries were identified in [15] in two-dimensional Jackiw-Teitelboim (JT) gravity coupled
to matter, interpreted as cosmology. In fact, in this theory bra-ket wormholes are required
purely from theoretical consistency of the state. There is a form of information paradox which

!Similar geometries were previously considered in [16] and elaborated upon in [17]. Additional work on
bra-ket wormholes can be found in references [14, 18, 19].



arises if only the disconnected HH contribution is included. In spite of their appearance,
bra-ket wormholes do not lead to a violation of the purity of the state of the universe, as
we discuss below. Thus there still exists a wave function of the universe, although perhaps
a UV completion is necessary for its computation.

In [15] two models of state preparation were considered: one was based on an EAdS
geometry and a bra-ket wormhole in this model is an on-shell solution stabilized by the
Casimir energy of matter fields, similar to that in [25]. On the other hand, no on-shell
solution was found in a model based on the de Sitter version of JT gravity. To stabilize the
solution a period of Euclidean time evolution had to be added at late times, however, it is
not obvious what such a period would correspond to in a more realistic model.

In this paper we suggest that cosmological bra-ket wormholes can be stabilized in a very
natural way if one considers an observable called the Wigner distribution. To understand its
meaning let us discuss more closely the boundary conditions we impose on the fields at the late
time slice. To be concrete, we focus on dS JT gravity whose bulk action is given by [26-32]:

Syt = % /de\/gR + ﬁ /d2x\/§¢(R —2). (1.2)

We can chose the constant value of the dilaton as time, which we denote by ¢, and
consider the size of the universe ¢ as a dynamical variable. This theory has no local degrees
of freedom, thus a minisuperspace description is exact. As a remedial object, which does not
necessarily correspond to an on-shell solution, let us consider the density matrix for ¢:

$0:.lB LK )
pltxc, ol = [ DI|Dlgyle’*. (1.3
no boundary

As appropriate for a density matrix, the same Dirichlet boundary conditions are imposed
on the time variable, but boundary values of the dynamical variable are different at bra
and ket. We now imagine that at large values of ¢, the variable ¢ is semiclassical, and we
would like to match it to the classical evolution described by the analogue of the Friedmann
equations for this system. However, to specify initial conditions for the classical evolution we
do not need £ and £k, but rather a unique value of the variable £ and its time derivative, or
more precisely its canonical momentum. Of course, in quantum mechanics it is impossible to
simultaneously specify a variable and its momentum. In order to provide such a matching
procedure Wigner proposed to take a certain Fourier transform of the density matrix [33]:

W (L, P|¢p) = /de (L T %,L - Af‘@,) Pl (1.4)
where W is the Wigner distribution.? Clearly it is just the Fourier transform of the density
matrix, so for standard normalizable states it contains exactly the same information. For
semiclassical states W (L, P|¢p) has the meaning of a classical probability distribution on the
phase space at time ¢y, which is exactly what we need for the classical equations of motion. In
fact, we can simultaneously “measure” the universe size and its expansion rate at a given time.

At the level of the path integral, the Wigner transform (1.4) changes boundary conditions for

2See also [34] for previous work on the Wigner distribution in a quantum cosmology setting.



the metric and the dilaton and moreover it couples boundary conditions for bra and ket parts
of the geometry. As we will see below, this coupling is exactly what is needed to stabilize
the wormhole. At the level of equations, it is similar to the double cone wormhole [35].
This geometry is the gravitational dual of the “ramp” in the spectral form factor for chaotic
theories. A genuine bulk solution exists when one performs an integral transform of the
partition function to a microcanonical ensemble with respect to the temperature difference.?
This transform is very similar to the Wigner transform (1.4).

For classical states we expect the Wigner transform to be dominated by values of ¢ and
lk that are very close to each other, so the resulting geometry is not so different from that
considered in [15], however, it will now be a semiclassical saddle. In principle, the Wigner
distribution should be a well-defined measure on the classical phase space. In our setup we
do not expect this to be the case because if W were an integrable function its inverse Fourier
transform would also exist and be a smooth function. We know that it is unlikely because we
were not able to find a saddle for the density matrix. In the simplest case outlined above W
turns out to be a constant, thus its Fourier transform is singular.

In order to get more interesting distributions we add various matter sources to the theory.
In particular, we study conformal matter, a slowly rolling inflaton field, and a combination
of both. If the inflaton is used as a time variable, we get a four-dimensional phase space of
dilaton, universe size, and their momenta. The distribution has a Gaussian shape that is
strongly peaked near classical equations of motion. The distribution is still non-normalizable
in the directions that correspond to integration constants in these equations, however, we
argue that it still has a meaningful probabilistic interpretation for a local observer who is
not sensitive to global properties of the universe, like its total size.

In addition to finding a classical saddle we compute the one-loop determinant around
it. This determinant grows with the size of the universe and the value of the dilaton, and,
for a large enough universe makes the bra-ket contribution dominate over the disconnected
one. This is again similar to the ramp effect in the spectral form factor.

One of the integration constants in the equations of motion corresponds to the “age of
the universe”, defined as the amount of Lorentzian evolution elapsed since the moment of
time when the Hubble parameter, a/a, differed from its final value by order one. Ideally
we would like to have a distribution that favours old universes. This would cure in our toy
model the analogue of the curvature zero mode problem of the higher-dimensional HH state
mentioned above. For inflaton matter our distribution is flat with respect to the corresponding
parameter, and with the addition of CFT it becomes peaked towards younger universes,
thus exhibiting a similar problem. Nevertheless, the problem is milder, and the technical
reason for it is different. The horizon area term which dominates the absolute value of the
HH wave function is absent for the wormholes.

2 Bra-ket wormholes and the Wigner distribution

In the bulk of this paper we will work with dS JT gravity coupled to various matter components.
This theory can be thought of as a dimensional reduction of higher-dimensional dS black holes,

3See also [36, 37] for developments regarding different couplings on the two sides and matter fluctuations
on this background.
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Figure 1. Here we see two potential contributions to the density matrix as defined in (1.3). The
green region denotes a gravitating region, which is glued at the reheating surface to a flat space region
(yellow), which we think of as a toy approximation of a weakly gravitating FLRW cosmology. As we
are working with JT gravity, only constant positive curvature metrics contribute to the gravitational
path integral. (a) The Hartle-Hawking prescription demands that only those complex metrics are
considered that are regular and do not exhibit a further boundary in addition to the late time boundary.
Note that bra and ket are separately defined objects, such that this is a disconnected contribution
to (1.3). (b) A bra-ket wormhole exhibiting a connection in the past. Bra and ket are now connected
via a complex contour, which avoids any singularities. The geometries analysed in [15] are also traced
in the future and therefore correspond to a torus.

Figure 2. Depiction of the Wigner boundary conditions corresponding to (1.4). Both bra and
ket future infinity are now free to oscillate and the difference is integrated over. Without any
further prescription there are disconnected and connected contributions, which correspond to integral
transforms of the geometries pictured in figure 1.



as explained in [31]. Thus our discussion should be generalisable also to higher dimensions,
although we leave it for future work.

The two-dimensional action with boundary terms corresponding to Dirichlet boundary
conditions reads [26-32]:

Spp = %2 (/ e\ /R + Q/du\/ﬁK> + ;T/d%\/gqb(R —9) 4 f—; /du\/EK, (2.1)

where h refers to the induced metric and K to the corresponding extrinsic curvature. The
first term is purely topological and amounts to the standard de Sitter entropy. The coordinate
u runs over the wiggly boundary of JT gravity, and reduces to the spatial coordinate of the
bulk metric when minisuperspace approximation is used. We will consider such a limit up
until section 5, where we start including the effects of the boundary mode. The equations of
motion with respect to the dilaton constrain the metric to be dSs. The equations of motion
with respect to the metric instead imply that €*¥0,¢ constitutes a Killing vector. There are
two types of basic solutions we will discuss. First we have the global dS solution:

ds? = —dt? + cosh(£)?2d¢?, ¢ = Agsinh(?),
di? + d? A (2'2)
g2 0+ g _Aa 5t 2
S Sln(’f,)Q ) (Zs —tan(ﬁ) ’ ¥ gO—i— T

These are the standard coordinates used in constructing the Hartle-Hawking geometry. To
construct connected solutions, we will consider the Milne solution:

ds? = —dt?> 4+ sinh(t)>dp?, ¢ = Acosh(t),
) 2 A
dSQZM; gb:i, (23)
Slnh(r/)2 — tanh(n)
—dv?
a5t = ST (o 1)dgt, 6= Av, o~ o mb.

This is the coordinate system we use in the construction of our bra-ket solutions. Both
coordinate systems exhibit exponential asymptotic growth of the dilaton at the future
boundary, where it approaches a value ¢ = ¢,. We would like to think of this as the reheating
surface. In particular, we can consider attaching a non-gravitating flat Minkowski cylinder to
it, as in figure 1, which is an approximation of a weakly gravitating FLRW evolution. Note
that periodicity of the spatial coordinate is fixed in the global case in order to avoid the
singularity at the pole of the half-sphere ¢ + im/2, according to the no-boundary prescription.
Instead, (2.3) has arbitrary periodicity, parametrized by b and a singularity at ¢t = 0.

2.1 Bra-ket wormholes in pure gravity

Let us now come to finding saddles of the path integral that computes the Wigner distribution
defined in (1.4). While naturally the Hartle-Hawking contour constitutes a disconnected
contribution as bra and ket are separately defined quantities, we are looking for spacetimes
that connect bra and ket in the past. The main idea is to consider the basic Lorentzian de



Sitter solution in the Milne patch (2.3) and let the contour of the time coordinate reach a
second boundary. The contour deviates into the Euclidean direction as to avoid the singularity
of the Milne coordinates, such that bra and ket are connected through a complexified smooth
geometry. One can think of this geometry as consisting of three regions: a Euclidean region
that creates a thermal state for the matter fields and two Lorentzian regions that evolve
the bra and the ket correspondingly.

Three such contours were discussed in reference [15], which differ by the overall Euclidean

displacement between bra and ket endpoints.?

This parameter (see eq. (3.3) in the next
section), denoted by [ therefore fixes the temperature of (conformal) matter once it exits
the Euclidean region. Here we will focus on the so-called m-contour, see figure 3, as it is
the simplest contour that has a finite temperature. Both the metric and the dilaton grow
asymptotically at the two boundaries.

In [15] it was found that there is no classical saddle point with Dirichlet boundary
conditions corresponding to a density matrix. This is also the case for other boundary
conditions imposed individually on bra and ket parts, for example Neumann. They simply
correspond to computing a density matrix but in a different representation. Let us quickly
recap this discussion: if we consider the Milne patch in FLRW coordinates (coordinate
system (2.3)) then a general density matrix element amounts to the following boundary
conditions

bsinh(tg) = Uk,
bSinh(tB) = fB y (2.4)
Acosh(tp) = Acosh(tg) = ¢y,

where the dilaton plays the role of the clock field. The dilaton condition is only solved if
the contour endpoints are of the form: tp = tx 4 27i. This implies that metric conditions
become degenerate, and the solution exists only for £ = £p, that is for diagonal elements
of the density matrix. For those the b mode remains unfixed, thus there is no unique
classical solution either.

The delta-function corresponds to a density matrix that is maximally mixed. Recently,
maximally mixed states were discussed in the context of de Sitter physics [38-41], and it
would be interesting to see if the delta-functional form of the density matrix that we see
has any relation to this discussion.

The Wigner distribution (1.4) admits a path integral representation with a different set
of boundary conditions compared to a density matrix.® In particular, we fix the sum of the
boundary lengths L = %, and the conjugate momentum of the difference of the boundary
lengths A¢ = £ — £, which as we show in appendix B, turns out to be a sum of the normal

— OnéxtOndp) (
2

derivatives of the dilaton at the two boundaries P = the minus sign is just

for convenience). This implies that the contour is not necessarily closed, in a sense that the

4Contours that can be deformed into each other without crossing the singularities are equivalent.

5We will use lower-case letters for the density matrix variables and capital letters for the variables of the
Wigner distribution. The time variable will be denoted by a lower-case letter with lower index b. The same
index will be used when a diagonal element of the density matrix is considered. More details on the definition
and properties of the Wigner transform can be found in appendix G.
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Figure 3. The perturbed m-contour in FLRW coordinates a) and conformal coordinates b) and v
coordinates ¢). The original contour analysed in [15] is depicted in green dashed lines, deviations
are depicted as blue and red solid lines. The bra and ket endpoints of the new contour are depicted
as red and blue dots respectively. The singularities in the metric are denoted by black dots. The
new set of boundary conditions used for the Wigner distribution allow for complex shifts of the
contour endpoints.

value of the metric can be different at the two endpoints. This is most transparent in the
v-variable, see figure 3¢ in which the metric is not a periodic function. On the m-contour and
its complex deformations, the length of the ket and bra boundaries are defined as

1
EK,B = % /d(p\/EKJg, (2.5)

where vk is the induced volume form at the boundary and the branch of the square root is
chosen in such a way that the real parts of both £, 5 are positive. The factor of 1/27 is added
for later convenience. As a first step we must determine the required boundary terms that
ensure a well defined variational principle. This is explicitly done in appendix B. In short, we
must add an additional boundary term compared to the standard action (2.1). We have to use

1
Sw =5 /d«p (AVR) P+ Spp = ALP + Spp . (2:6)

The additional term is the analogue of the term in the exponent in (1.4). Note that we are
still using standard Dirichlet conditions on the dilaton. This is motivated by the idea that
we would like to think of it as the clock field in the current setting. We will in later sections
also consider the introduction of an inflaton, which may also function in a similar way.
Now that we have specified the Lagrangian, equation (2.6), implied by our boundary
conditions, we can start searching for solutions. We will be working with the Milne back-
ground (2.3) on the contour in figure 3 and include arbitrary displacements in the Euclidean
direction at the endpoints.® The properties of the Wigner distribution impose some con-
straints on the displacements: we need to ask that the arguments L, P are real, since for

50ur contour violates the criterion proposed in [42, 43]. Nevertheless we do not observe any instabilities on
our solutions. It would be interesting to understand in detail what the implications of this violation are for
our setup. Recently the criteria in application to the HH wave functions were discussed in [8, 44-48].



example L is the physical parameter that corresponds to the size of the universe. This
requirement forces the following parametrization (in FLRW coordinates)

tg =t.+1itg, (2.7)
tp = —tc.+1itg,

where t. > 0 and tp € R.” This ansatz for the contour will in general lead to complex lengths
of the individual bra, ket boundaries but importantly the sum remains real as dictated by
our boundary conditions. Hence, the parameter tg captures how far the geometry deviates
at late times from standard de Sitter asymptotics or equivalently how discontinuous the
geometry is. We will see that for the vacuum configuration we are considering here, tg is set
to zero (dynamically), whereas by inclusion of backreaction from the matter fields it acquires
a non-zero value. The parameter t. instead governs the number of e-folds in this model, i.e. if
the universe is “o0ld” or equivalently if the boundary is at late times. This is also the quantity
that must be large to consider the usual Schwarzian limit of JT gravity. In the later sections
we will often use expansions with respect to this parameter.

The contour ansatz (2.7) leads to the following boundary condition for the metric in
the Milne coordinate system (2.3):

L = bcos(tg) sinh(t.) . (2.8)

For any on-shell solution the parameters b, tp and t¢. should be fixed dynamically such
that the overall geometry is determined uniquely. Before considering any possible addition
of matter let us first determine the vacuum solution. It is often easier to not solve the
dilaton equations directly but only the metric sector and then consider an off-shell action and
extremise with respect to the remaining parameters b (or ¢.) and tg. This is equivalent to
fixing those parameters via the boundary conditions in the dilaton sector. The action (2.6)
in FLRW coordinates is given in (B.7). The contour ansatz (2.7) then leads to the following
off-shell expression:

iSW(L,P|gy) = 2bsin(tg) (sinh(t.)¢p — cosh(t.)P) . (2.9)
We can express t. via b by use of the boundary condition (2.8) to arrive at an off-shell action

L2
. o : 2
Note the 27 periodicity of the action with respect to tg. Extremising this action with respect
to b and tg, leads to the following on-shell values:

tg =0, (2.11)
L ¢2 _P2
b= 7%’3.

"There is another contour which instead has t. < 0 and corresponds to a contracting universe. We will not
consider this branch and assume that a projection was made on an expanding universe.



We assume all phase space variables L, P, ¢, to be positive and large. There are two branches
for b and here we have taken the branch in line with b > 0. We can see that reality of b is
guaranteed for the range ¢, > P > 0.8 Hence there is a restriction on phase space. The
solution (2.11) is a saddlepoint. Let us emphasise that the action is stationary with respect
to both parameters such that this is an honest bra-ket solution of the JT theory. Therefore,
the problem of the unfixed mode present in [15] is circumvented. The physical difference is
that the new Wigner boundary conditions couple the two boundaries in a non-trivial way,
stabilizing the wormhole. The action on-shell is zero as the imaginary shift at the endpoints
is set to zero. This may therefore seem like a flat Wigner distribution. However, it only exists
for the aforementioned range ¢, > P > 0, i.e there is a restriction on the region of phase
space. In addition we should also note that we have only shown that the exponential of the
vacuum solution is on-shell zero. We should expect loop effects to contribute a prefactor.
So we include a normalisation factor, such that we have

W(L,PW)[)) :./\/’L,p, (2.12)

where N7, p generally may be a function of (L, P, ¢). We will determine this function in
section 5.

As mentioned above, there are essentially two equivalent ways of solving the system.”
Here we have taken the approach of only considering the metric boundary conditions and
then extremising with respect to the remaining free parameters. It is instructive to outline
also the other approach. For this we first solve the equations of motion for the dilaton, which
for the vacuum case at hand brings us back to (2.3). Then we solve for the integration
constants b, A, t. and tg in such a way that the boundary conditions are respected. These
on-shell values for the bulk parameters are then inserted into the action. So in addition to
the metric sector boundary condition (2.8), we have to consider the dilaton sector. Clearly
the Dirichlet conditions on the boundary value ¢, can only be solved for t5 = 0, such that

the dilaton boundary conditions reduce to

P = Asinh(t.), (2.13)
oy = Acosh(t) .

Solving this system of equations together with (2.8)(for tg equals zero) leaves us with on-shell
values (2.11) and in addition the following value for the dilaton integration constant

A=\/¢2— P2, (2.14)

It is also instructive to have a closer look at the real value of the coordinate time at
the contour endpoint:

Vo, — P

8We include the point b = 0 as in a path integral treatment of JT gravity this is integrated over. Presumably

tczlog<”¢b+P> . (2.15)

in the presence of matter a UV completion is required.
9Tn section 5 we actually use a third approach, in which we first consider an off-shell density matrix and
integrate both over the internal modulus b and perform the appropriate Wigner transform.

,10,



The Wigner distribution we study now is not a function of t., but of L, P and ¢,. We can
see that old universes (large t.) correspond to the asymptotic approach P — ¢, while large
or small L is not correlated with the age of the universe. This is different than in the HH
case because there is no geometric constraint on the size of the universe when it exits the
Euclidean region, such that it can be arbitrarily large or small. The relation between the
dilaton and its time derivative instead controls the length of Lorentzian evolution. It is
still meaningful to ask whether our current distribution prefers old or young universes. The
answer is that it is flat with respect to this parameter as well.

Let us also note that both extremising and solving the boundary conditions explicitly
constrains us to the unperturbed m-contour of [15], which now is a solution of the theory.
Of course we can also determine a Wigner function of the type W (L, P|¢p) for the Hartle-
Hawking proposal by taking the on-shell bra and ket wave functions and performing the
Wigner transform of the on-shell result. This is done in appendix A.

3 Addition of CFT matter

It is interesting to see how the Wigner distribution changes in the presence of matter. We
start with conformal matter coupled to the metric, such that the stress tensor will backreact
on the dilaton. The addition of matter may in principle lift ¢z to non-zero values and hence
“open up” the contour. We should therefore think of this Euclidean shift as a quantum effect.
In a cosmological context conformal matter models radiation which is more important at
early times and dilutes as the expansion proceeds. Our approach is, as usual, to integrate
out the CFT degrees of freedom to arrive at an effective action for the CFT which is just
the logarithm of the partition function on the torus

iSCFT = log(ZCFT) . (31)

We consider periodic boundary conditions for the CFT on the time contour, which corresponds
to taking the trace over the matter fields. Then the total Wigner distribution is

Worr(LoPloy) = [ DIoiDlguule’ve-r Zoer. (32)

L,P,¢y

where the gravitational action Sy (r, pjg,) is (2.6) with the appropriate boundary conditions.
As we are considering the addition of matter the global properties of the geometry, shown in
figure 4, play a decisive role for the matter contribution, since the partition function depends
on the two cycles of the torus b and §. On the contour ansatz (2.7) the former reads

[t dt
p=i /tB sinh(t)

ilog(tanh(t/2)) |§g
=TT — 4e_tc SlH(tE) +..., (33)

where we have performed an expansion with respect to the large parameter t., corresponding
to a universe that is old. Both the stress tensor and the partition function are affected by

— 11 —



27h

Figure 4. Illustration of the bra-ket wormhole with Wigner boundary conditions and its geometric
parameters. The two cyles of the torus are depicted as dashed, coloured lines. The blue cycle along
the time direction sets the temperature for matter fields and corresponds to the Euclidean difference
between bra and ket. While for the basic contour of [15] it is set to 7 it can receive corrections with
the new boundary conditions. The second cycle exhibits a minimal length geodesic of size 27b but
grows with the expansion of the universe towards the two boundaries. The asymptotic bra and ket
endpoints of the contour may now fluctuate, which is depicted as a red double-arrow.

the positively curved spacetime i.e a conformal anomaly is induced, which gets added to the
flat space result. Overall, the structure we assume for the CFT contribution is

log(Zcrr) = log(Zaat) + 1og(Zan) - (3.4)

Even though the full geometry is in general discontinuous at the future bra-ket junction, the
geometry without the conformal factor is still continuous, so the calculation of the flat space
partition function follows the standard procedure. Discontinuities of the geometry will show
up in the conformal anomaly contribution. Here we only the consider the propagation of the
vacuum mode along the spatial cycle, which is a valid approximation for b > 1:

cr(2wb) ¢, w?
8 §bﬁ (3.5)

The conformal anomaly for an Euclidean metric written in the form ds? = e*?d3? reads

log Zﬂat =

log Zan = ﬁ /d2x\/§ {f?w + (@w)ﬂ + / dcp\/ﬁf(w. (3.6)
0

By Wick rotating the Lorentzian Milne metric (2.3) 7 = in we can rewrite the anomaly
contribution as

cb . c
log Zan = —1—5 ~ g /dzx —q, (3.7)

where § = iAn and the quantities refer to the Lorentzian metric (2.3). The last term is
proportional to the volume form and can be reabsorbed in the definition of ¢¢.'° This term

10The same term appears when including a CFT matter in the Hartle-Hawking state so that redefining ¢o
removes both terms.
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is also the only one that is sensitive to the geometry being discontinuous. The effective CF'T
action as a function of the mode b and the temperature (3.3) is:

be (72 B
log Z, =—|=-=1. 3.8
oezern = (% -4 9
On our contour, expanding at late times, it becomes
b
log Zopr = % +O(et). (3.9)

This contribution now must be added to the gravitational action (2.10) which expanded
at late times reads

b2 Psin (tg) cos (tg)

7 +O(e7 ). (3.10)

Z“SVV(LJDM&IJ) = 2L ((bb - P) tan (tE) —

Note that the CFT terms also respect the 27 periodicity of the gravitational contribution.
So that the total action is

iS%?E,P@,,) = 1Sw(L,P|éy) + 108(ZcFT) - (3.11)

We again extremise with respect to tg and b. We only consider the branch which furnishes
positive and real on-shell values. These are of the form

R (463 - P2+ =2)
(69 + P) \J4(9F — P2) + =&

t, = arctan e . (3.13)
\/64 (67 — P?) + m2c2

(3.12)

Naturally these expressions agree with the vacuum solution in the ¢ to zero limit.'! We see
that tg is set to a non-zero value as long as ¢ is non-zero. The imaginary shift of the contour
endpoints therefore has been lifted to some finite value in the presence of the CFT. Therefore
the action now also takes on a non-zero value, namely

WcL\/éL((bg — P?) + %

- oCFT _
Hence the distribution (up to corrections of order e~'c that we drop) is
neLyJA(¢} — P?) + T
W, L, P = 1
crr(L, Plgp) = N pexp ( (¢ + P) , (3.15)

where we have again included a normalisation factor. These expressions are exact in ¢ but
expanded at late times. Again, this is a genuine solution of the theory in which all parameters
have been solved. By looking at the off-shell action as a function of tg and b, we see that this

""Note that P = ¢ + O(1/¢s) at late times.
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solution is a saddle point, in particular it is a maximum in the b direction and a minimum
in the tg one. It is also instructive to consider the on-shell value of t.:

ele = 2(¢p + P) , (3.16)

VA9 — P2+ =2

Reality (and positivity) of all the above parameters and the action is guaranteed if we restrict

P to the range: ”;f +4¢7 > P > 0. Let us now consider the expression (3.14) as a
probability distribution. As ¢y is our clock field, we should understand (3.14) as function
of P and L for fixed values of ¢,. We see that the expression (3.14) grows towards large
values of L. The distribution is hence dominated by large universes. Understanding the
action as a function of P will tell us something about the preferred age of the universe,
parametrized by P and ¢;. As a function of P the distribution takes on its largest value for
the smallest allowed value of P, which is 0. By glazing at the boundary condition (2.8) and
at the Casimir action term (3.9) we can understand where this comes from. A large universe
can be guaranteed by both a large value for the initial size b or by a long inflationary period
corresponding to a large value for .. The Casimir term (3.9) pushes for the former.

It is also an important question to understand if the distribution is normalizable. We
postpone this analysis until section 6 to include the effect of the prefactor. For generic
semiclassical systems, the Wigner distribution is peaked at classical solutions of the equations
of motion. In our case, we got a result by assuming a late time/old universe approximation,
for which the classical solutions satisfy ¢, = P + O (c?e~2%). The distribution (3.15) grows
unbounded towards the regime where this approximation does not hold, so in this case we
cannot draw any conclusion about the distribution being peaked or not at classical solutions.

As we have solved for the contour endpoints in a dynamical way, we should also check
which contours correspond to our saddles. Inside the allowed range for P we see that tg = 7/4
is reached for both P = ¢y, or ¢ asymptotically large. For small ¢ we get small tg as expected.
The -EAdS contour tp = 7/2, is reached when the argument of the arctan in (3.12) asymptotes
to infinity. It therefore just lies outside of the maximum bound for P.

4 Bra-ket wormholes and the inflaton

In the previous two sections we determined a bra-ket solution with Wigner boundary conditions
for both a purely gravitional configuration and also with the addition of a CFT. While pure
gravity amounted to a nearly flat distribution, the addition of the CFT gave a non-zero
on-shell action and hence a non-trivial distribution. However, as outlined in appendix G, we
expect the Wigner distribution for semi-classical systems to be peaked at the classical solutions
of the equations of motion. The lack of this behaviour in expression (3.15) may be due to
the quantum nature of the Casimir effect. In this section we will therefore consider a more
classical matter component, for which we will indeed discover classicality of the distribution.
In an inflationary context it is natural to consider matter in the form of a slowly-rolling scalar
field. While previously we considered the dilaton to act as “time” field, we can also consider
distributions in which the inflaton plays this role. We add an action of the form:

Sp= =2 [ Pay/=g0" 0,5 ~ 00 [ @ev=gV (1), (4.1)
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so a minimally coupled scalar field with a potential V' (f). We stay in the JT limit in which we
do not consider direct couplings to ¢, which would induce a change in the metric. However,
we do endow the inflaton action with a factor ¢y as would appear from dimensional reduction.
In standard FLRW coordinates we get

Sy = ¢0/d2xa (;F — V(f)> , (4.2)
with the equations of motion
f+lfrvin=o, (43)

where / corresponds to a derivative with respect to f. For simplicity we consider a linear
potential V(f) = Af, with small A. The solution of (4.3) is then given by

f(t) = c1 — Alog(sinh t) + o log(tanh(t/2)) . (4.4)

As we would like to consider the inflaton as our clock field on a bra-ket geometry, we set
Dirichlet conditions on it fx = fp = fp. This fixes both integration constants in (4.4). We
will be again considering a contour ansatz of the form (2.7).

Now that we are using the inflaton to determine the position of the boundary, both
dilaton and metric are our dynamical variables. It is thus natural to consider the following
Wigner distribution:

W(L,P,®,Q|f,) = / dAG AL p(Lxc, g, P, G| fo) e TR 1@AP (4.5)

where & = w, A¢ = ¢ — ¢p and @ is the momentum canonically conjugate to the
dilaton, defined as

0= f1n (Vi) 05 (), 4

For the aforementioned linear potential under assumption of Dirichlet conditions the
inflaton action on-shell takes on the simple form

Sy = o0 [ a5 af +bomh(af) (4.7)

This has to be added to the appropriate gravitational action for these boundary conditions
which is (B.8), to give a total action

WOW(L,Q,®,P|f,) = WSw(L,Qe.p) T 15f - (4.8)

Performing a late-time expansion on the contour (2.7) leaves us with the following inflaton
action on the off-shell bra-ket background

iSf = 27y bfb )\sintEetC + 7'1'1)/\2¢()€tc sin(tE) — 4[)/\2(71' — tE)tE¢0 + 0O (eitc) . (4.9)
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We will always drop terms of order e ' in this section. The bulk solution for the metric
remains the same as before, however, now we can impose two boundary conditions on it.
On the contour (2.7) they are of the form

L = bcos(tg) sinh(t.),
@ = beos(tg) cosh(t.) . (4.10)

These equations can be used to eliminate two constants, for example:

1
b= \/Q? — L2 4.11
costg @ ’ (4.11)

oo - VO FL (4.12)

Q—-L

To stay in a real and positive range for ¢. we can only consider ) > L. Taking the appropriate

gravitational action (B.8) and the inflaton action (4.9), rewriting in terms of boundary
conditions (4.10), we arrive at the following expression

iS(tg) = 2(®L — PQ)tan(tg) + mAdo(L + Q) (2fp + N\) tan(tg)
- 4A2¢0\/Qm(7r —lp)te Coi P @ (e*tc) : (4.13)

which is to be extremised over tg. Let us first consider the A\ to zero limit. We see that

tg essentially functions as a Lagrange multiplier. Extremisation results in a constraint on
our phase space variables

®L—PQ =0, (4.14)

thus the Wigner distribution appears to be proportional to a §-function. Since we would like
to find an honest classical solution, let us consider corrections due to small A, which will
regulate the d-function and give us a nicer, smooth distribution.

A natural starting point is the expansion around the pure gravity solution, tg = 0, for
which the action takes on the form

iS(te) = to <z(q>L — PQ) + mAb0(2fs + ML + Q) — 4r\2d01/Q2 — L2)

+ 4AX2t2¢01/ Q% — L2, (4.15)

where higher orders in ¢t are dropped. Let us now perform the extremisation with respect
to tg such that we end up with

_2(PQ—9L) —mAgo(2fs + M) (L + Q)

tp = SO , (4.16)
and
o (L= PQ)+mAdy(L+Q) (2, + 1) i

16X\2¢9/Q2 — L2
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Hence we get a Gaussian distribution in the combination of phase space variables corre-
sponding to tg:
(2(PL — PQ) + mAdo(L + Q) (2f, + N)?

16)260\/Q% — L2

where again we kept an undetermined normalization factor.

W(Lvaq)aP|fb) :NL,Q,‘I),P €xp <_ ) s (418)

The distribution attains its maximum on a three-dimensional hypersurface in phase space:

TAPo

OL — PQ+ (L+Q)(2fy +A) =0. (4.19)

On this surface, tg = 0. To compare to what we expect from the generic semiclassical
approximation for Wigner distributions, it is instructive to look at the classical solution for
the dilaton. The backreacted equations for the dilaton are of the form

6= 6+ 2m @ﬂv):o, (4.20)
ap /1 .
qﬁ—a<2f2+>\f)—0, (4.21)

with the inflaton given by (4.4). This results in a lengthy expression for the dilaton, which
we do not show here in detail. In the tg to zero limit and at large t., this leaves us with the
following boundary expressions for the two dilaton phase space variables

® = Acosh(t.) + % (—=2fymo + TAP0) (4.22)
P = Asinh(t.) + \?27¢y . (4.23)

We see that the relation (4.19) is satisfied by these values. Hence, we find the Wigner
distribution is peaked in a region of phase space close to the classical solution. As we discuss
in appendix G, this is what one expects from generic semiclassical systems, while opening of
the contour, parametrized by tg, corresponds to quantum effects. In the remaining three
directions our distribution is flat in this approximation. These directions parametrize different
classical solutions. We can choose them as the initial values of the metric and the dilaton, as
well as the age of our universe. In particular, we see that the distribution is flat with respect
to the age, as in the case of no matter. We can also consider the addition of the CFT on top of
the inflaton. We keep the inflaton and CFT decoupled, but both backreacting on the dilaton.
The action (4.15) is supplemented by the contribution of the effective CFT action (3.9), where
now b can be substituted using (4.11). With the new gravitational boundary conditions (4.10)
the CFT takes the same form as above (3.9). Extremising with respect to tg leaves us with

o 8(PL—PQ +4mAdo(L + Q) (2fy + V)
B VQZ — L2 (mc + 32X2¢) ’

and the Wigner distribution:!?

(4.24)

Werr(L,Q, @, P| fy)

1 2(2(®L—-P Ao (L 2f+A))?2
=N7Lo.® pexp (47rc,/Q2_L2_ (2( Qgizz(fzi;;g;(o)fﬁr ) ) (4.25)

12The prefactor can be slightly different in the presence of CFT, but we still use the same symbol.
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Let us consider the full four-dimensional gradient. We should distinguish between the
behaviour for ®, P and @Q, L. Clearly the extremisation with respect to either ® or P still
results in (4.19), however, we now have a factor coming from the CFT action that weighs
solutions differently with different values of \/Q? — L2. Similarly to the distribution discussed
in section 3, it pushes for large values of the initial size of the universe. We should also be
aware of the different scalings of the two terms in (4.25). As the Casimir term constitutes
a loop effect, it can be naturally made smaller than the classical inflaton contribution. In
appendix E we restore units of Planck mass M, and de Sitter radius R4g starting from the
higher dimensional geometry dSs x S2. The result is

WCFT(Lv Qa (I)v P|fb) = NL7Q7¢'7P

1 ——  2[2(®L - PQ) + mARig(L + Q) (2fy + AR3)]”
X exp (47rc\/Q2 L2 VG 7 (ne 1 320 Ry) . (4.26)

Where the dilaton ® and derivative P get a scaling of order MgR?lS. We clearly see that the
purely gravitational contribution is enhanced by MgR?l g with respect to the CF'T contribution.

The inflaton term is enhanced via f;. In general we can think of this boundary value of the
inflaton as being order one in Planck units, as typical for inflationary potentials, making
the full gravity plus inflaton contribution dominate over the one-loop CFT contribution
(unless c itself scales appropriately with M,,).

5 Omne-loop determinant

So far we have focused on determining the action of (connected) saddlepoint contributions to
different Wigner functions both with and without matter. Naturally we expect corrections as
expansions around these saddles. Such one-loop contributions may play an important role in
the gravitational path integral. The most pertinent example is the double-cone wormhole
of [20, 35]. As the leading connected contribution to the spectral form factor |Z (5 +iT)|? it
exhibits late time “ramp” behaviour typical of a chaotic system. Moreover, it demonstrates
that topologically suppressed contributions may dominate over disconnected connected
geometries via loop effects in some regimes. In previous sections we established a more
geometric approach in determining various functions, i.e we gave an explicit parametrization
of the contour with the appropriate Wigner boundary conditions. In this section we take
a different path which is more suited to determining all loop effects. We start by fixing an
off-shell density matrix, which is a function of both its boundary conditions and of the cycle
b. To arrive at a connected contribution to the Wigner function we then perform both the
integration with respect to the appropriate boundary variables and the internal variable
b. We expect changes to the prefactor to come from three different sources. Firstly, there
are corrections coming from the Schwarzian mode which already have to be included in the
off-shell density matrix. Secondly, there are fluctuations around the joint saddlepoint of
the internal b integration and the appropriate Wigner transform. Thirdly, for connected
geometries we have to integrate over the internal length parameter b and the relative twist 7
between the glued surfaces. As the surface is invariant under a twisting by proper distance
b, we consider the appropriate measure to be fooo bdb [20]. Let us start by determining the
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prefactor of the simplest setup: the vacuum Wigner function W (L, P; ¢). The first step
is determining the Schwarzian corrected off-shell density matrix. On both boundaries we
set the boundary conditions on the induced metric:

bsinh(tx (u)) = Uk , (5.1)
bsinh(tp(u))es = (B,

where ’ denotes a derivative with respect to the intrinsic boundary coordinate u. Performing
the path integral over the Schwarzian modes, which is done in detail in appendix C, results
in the expression

(®) Y - Sl
) (£K7€B’¢b) 2\/;exp <Z¢b(€B gK) + ib 2 (fB EK)> ’

o ) y 2Nl
12— AP <—“f’bM %0 <4L2—A£2>) - 62

where we have inserted Wigner variables and expanded at late times. To be clear this is an

off-shell expression as the b mode is still unfixed, which we indicate by a superscript. This
result is one-loop exact, as can be shown from localization [49] or gravity arguments [50].
Now in order to calculate the on-shell Wigner function we both have to perform the Wigner
transform and the internal integration with the measure mentioned above, such that we
end up with the double integral

2L

WP L) = [ (aa0) /0 " bdb o (0, L) AP (5.3)

We have restricted the range of integration such that both fx and /g remain positive by
assumption.'® We perform the double integration via saddlepoint. The only non-singular
solution to the equations is:

AL=0, (5.4)

po LV2AR—P) .
Vb

These are the same saddlepoint values as in (2.11), such that we end up with the same
on-shell action, which for this configuration is zero. Now having included both Schwarzian
fluctuations, and a measure on the space of solutions, which are both to be evaluated on the
above saddlepoint value, we must also include the first Gaussian fluctuations around this
saddle. Only the mixed derivative is non-zero on the saddle (5.4) and is purely imaginary.
Therefore convergence of the integral requires deformation of the contour of integration.
We assume that the correct integration contour in our gravitational path integral is such
that this procedure is correct. Let us write the result as a product of the aforementioned
three contributions: the measure on phase space on the saddlepoint value, the Schwarzian
prefactor and the Gaussian fluctuations

« Db 2L
2L /2 )

130f course as is the case when including matter this still allows for contours which may include complex sad-

W(L, P|gy) = b (5.5)

dlepoints.
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Overall we end up with
W (L, P|¢p) =7L. (5.6)

Hence we have determined the prefactor Nz p of the vacuum Wigner function (2.12). Some-
what analogous to the “ramp” behaviour of [20, 35], we see a simple linear growth. One
can interpret this as a (non-normalizable) distribution on phase space that prefers large
universes.'* If we add conformal matter, we expect the saddlepoint value of Al to only
change by a small amount. There is a subtlety because only the zero momentum CFT
states contribute to the partition function due to the integral over the twist angle. Still
the dominant contribution to the prefactor comes from the determinant of the fluctuations
which is not affected by this. Hence, we expect that the expression (3.15) in that regime
also has a linear in L prefactor'®

neLy[JA(¢ — P?) + T
(¢p + P)

Our final goal is to determine the prefactor of the Wigner function W (L, @, ®, P|f;). While
a direct calculation would involve including the one-loop determinant of the inflaton and

Werr (L, Plgy) = wLexp (5.7)

then performing both the Wigner transform and the internal integrations, we consider a
more indirect approach.'S The basic idea is that we can match inverse Wigner transforms
of our result for W(L,Q, ®, P|f;), formula (4.18), to W (L, P|¢,) as defined via the density
matrix (5.3), in the diagonal and A to zero limit. This constrains the prefactor N7, g o p. Let
us be more explicit. We define the following inverse transform

W (L, P; 5, bl fy) = /L T AQW(L,Q, @, Plfy)e 957 (5.8)

Note that here we have restricted the inverse transform to the allowed region for the variable
@ we determined in section 4. This object is a density matrix in the dilaton boundary values.
We expect the following formula to hold

W(L, P; ¢, 9o fo)Ix—0 = W(L, P|és) , (5.9)

with W (L, P|¢p) as given in (5.6). For large phase space variables the left-hand side is
calculable in a saddlepoint approximation. As a A-expansion the saddlepoint is at

. ®L
Q' =5 +0M). (5.10)

14Ty properly discuss normalizability of the distribution we need to specify the integration measure over L.

It was pointed out in [51], and in the appendix G of [31] that with our definition of the wave function the
measure should have an additional factor of 1/L, or of ¢»/L. This is also analogous to putting such factor in
the Wigner distribution itself. This factor is not going to play a role in what follows since it does not change
normalizability properties of the distribution, and it still prefers large universes. Moreover this factor should
be common to the connected and disconnected contributions, so it would not change their relative weights.

5There is an additional contribution to the prefactor which comes form the fact that the momentum
constraint projects the matter contribution to the zero-momentum sector. At large c this factor can be
evaluated via a saddle point integral over the gravitational mode that corresponds to the relative shift of
coordinates on bra and ket boundaries. It turns out to be subleading as compared to the exponent and we
will not keep track of it.

63ee references [52-54] for JT gravity with matter.
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In the diagonal limit the action vanishes such that the result will merely be a prefactor.
This prefactor consists of the as of yet undetermined normalization factor of the Wigner
function W (L, P; ¢y, ¢p|f) on the saddlepoint value (5.10) and Gaussian fluctuations of @
around the saddlepoint value of the action. Hence,

2 p2y1/4
W (L, P; ¢, ¢v| fp) :NL,Q@,P(Q*)zﬁ)\\/%g/(fb kY (5.11)

Here we have identified the Wigner variable ® with the diagonal density matrix variable ¢.
This must now match the expression (5.6) leading to the constraint

B \/%P3/2\/Z
" Doo(gg — P

In the vicinity of the distribution maximum we can thus use the following expression for

Ng.o.L.P(Q")

(5.12)

the prefactor:

v _ VTPL
SR (@ - LT

As a more detailed check of this procedure we extend the matching of the two approaches

(5.13)

to off-diagonal matrix elements in appendix D.

There is also another type of Wigner distribution that we could consider in order to
calculate the prefactor. It is the one where we fix the sum of the dilaton at the two boundaries
P = @ and we do the Fourier transform of the density matrix with respect to the
difference of dilaton values. In this case we select the boundary length as a clock, i.e. set it

equal to a common value {5 = £ = {; at the two boundaries. The formal expression for this is

2P .
. dAGp(dK, dBlly)e' 2% . (5.14)

w(@,Qlt) = [

Also this type of Wigner distribution admits a path integral representation for which the
action is given in appendix B. We can use similar logic as above to determine the prefactor
of such a Wigner distribution without matter. The object of study is the following integral

29 ) .
W (®,Qlty) = /_ A /0 bdbp® (65, dll) 299 (5.15)

where again we have restricted the range of the Wigner integration to keep to positive values
for ¢ and ¢p. Here we have introduced a new type of density matrix p® (¢, ¢5|¢y), which
is off-shell due to the unfixed internal mode. While it is a matrix in the two dilaton values,
the boundary length is set the same on both bra and ket (thus we use ¢ as time). Performing
the Schwarzian path integral gives

V4DP2 — Ag? b2 A
P (px, dlts) = Mexp (—iEbAqb . %bd)) . (5.16)

The saddlepoint is then found at

b = /26,(Q — &) , (5.17)

Ap =0,
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which agrees with the “direct” approach.'” Again assuming an appropriate contour rotation
in order to make the Gaussian integral well-defined, we arrive at

27l

o
W(®,Q|l) =b"— ————, 5.18
@.Q1) = b 5~ (5.18)
where b* now refers to the above saddlepoint value. Overall we then get
W(®,Q|t) =7nd. (5.19)

Here too we expect that this object can be matched to an inverse transform of W (L, Q, ®, P|f).
That is, it should hold that

W(Q, ®; Ly, by fo)|x—0 = W(P,Q|ly) . (5.20)

Let us therefore consider
@ .
W(Q®ibic.lplfy) = | dPW(LQ,®, Plfije A", (5.21)
0

This is a density matrix in the length variables £ and ¢p. We have restricted to the allowed
region for the integration varaible. This integral exhibits a saddlepoint at

OL

P =—40(). (5.22)

Q
The result of (5.21) should match onto the previous result (5.19) when taking the diagonal
limit and sending A to zero. The action vanishes on the saddle. We display the prefactor
as a product of the normalization of W(L,Q,®, P|f) on the saddlepoint (5.22) and the
determinant of Gaussian fluctuations of P

2V/TA/P0(Q* — £3)1/*
Q )
where we have identified L with ¢,. Matching to (5.19) supplies the constraint

VFDQ
N, P*) = . 5.24
Q,‘P,L,P( ) 2)\\/%(@2 — 65)1/4 ( )
At leading order in late times this condition is satisfied by (5.13) providing us with a cross-check
of this expression. We can therefore upgrade the result for W (L, Q, ®, P|f;), formula (4.18), to

W(Q, ®; by, by fr) = No.o,L,p(P”)

(5.23)

B VIPL o (A®L - PQ) + mAGo(L + Q) (2fy +N)
T W (@2 — LAY 16X260y/Q2 — L2 |

This holds at late times and small A and only near the extremum of the gaussian. In the

next section we will discuss where this distribution is peaked and what its probabilistic
interpretation is.

"By which we mean an explicit contour parametrization as performed in previous sections. Let us however
note that off-diagonal matrix elements in principal include real displacements between bra and ket.
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6 Probabilistic interpretation and observables

6.1 Experience of an “inflationary” observer

We now come to a more thorough interpretation of the results described so far. The results
established here are to be understood as distributions for the gravitational zero modes of
the early universe, that is the state of the universe after the inflationary phase in our toy
model. We can now imagine a local observer that does measurements in some part of this
inflationary patch, in analogy with us measuring CMB fluctuations. What kind of predictions
can such an observer make based on the distribution (5.25)7 As noted above, one prediction
is that at late times the universe was evolving close to classical equations of motion. To
understand the meaning of the distribution on the entire phase space better it is convenient
to introduce the following ratios:

_r _Q
U=g. V=1,

that do not depend on the overall size of the universe and of the sphere (dilaton). Instead,

(6.1)

their values are directly related to how long the universe evolved following the Euclidean
regime (age of the universe). In these variables the distribution reads

W(L,®,U,V|fy)

=27

exp

1 L (L
ﬁ oy 2(v-U)+ (;zb (1; 1) @f+ 3] (6.2)

where

K= L\/Z ) (6.3)
V16200

Now imagine that L and ® are both large, then local observables cannot depend on them,
while they can still depend on U and V because these are locally measurable properties of
the background.'® Consider some local observable O. In order to calculate its expectation
value one needs to take its Wigner transform and integrate over the phase space with the
Wigner distribution. Generically this observable will depend on U and V similarly to how
CMB fluctuations depend on the evolution of the scale factor of our universe, as well as on

some local modes that we collectively denote as X;.'9 Then
1 00
- /d(I) @2/@ / dU / v /dXiW(L,CIJ,U,V,Xi\fb)(’)W(U,V,Xi). (6.4)
0 1

Where we included additional factor of ®/L in the measure, according to the discussion
n [31, 51].

Let us first take an integral over U. In the small A and large ®, L limit it is a very
narrow Gaussian, basically a §-function of the classical solution:

W %5((] —Ua(V)). (6.5)

8Ty justify that local observables do not depend on ® we assume that it has the meaning of a sphere size,
and that observables are also local on the sphere.

197t does not matter at this point whether to use Wigner formalism, or usual formalism for short modes, we
use Wigner in order to make notation more homogeneous.
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We thus get
. o0 1.~
<(9>:/d<1><1>2/dL/ dV/dXiVW(UChVaXiUb)OW(UCI’V’Xi)7 (6.6)
1

where W (Uy, V, X;| f3) is the distribution of local modes on the classical solution of U and V'
that we chose to parametrize by V. Note that the dependence on L and ® got factorised.
Corresponding integrals are also IR divergent, however, this divergence is the same for all
local observables and we can thus ignore it. One more comment is in order: even though we
extended the integral over V all the way to infinity, we have control over the prefactor in
our distribution only for old universes, corresponding to V close to 1, since we have on our
classical solutions ¢, o —% log(V — 1). Thus really the expression we have is

. L+e N
(0) x / dV /dXi W(U., V, Xi| fo) Ow (Ua, V, X;) + young universes contribution .
1

(6.7)
Let us introduce the notation <@>V for an expectation value of some operator given a fixed
value of V, then

N Ite N
(0) x / dV(O)y + young universes contribution. (6.8)
1

This result means that local observables should be calculated on classical solutions for the
background modes and then integrated over the phase space variable V' which corresponds to
the Hubble parameter measured at f = f;,. This integration has the meaning of averaging
over the length of Lorentzian evolution (age of the universe). For old universes this measure is
approximately flat with respect to this variable V.20 If we include CFT matter, as in (4.25),
the probability of young universes will be enhanced, however, our calculation of the prefactor
is not valid in this regime. It would be interesting to use the methods of [55, 56] to compute
the distribution in the regime when the boundary is not at late times. If we look at the
distribution as a number of e-foldings N, ~ t. we will get the measure of the form e 2NedN,.
Thus it has a similar issue as the 4D HH wave function, which does not correctly predict
the length of inflation, however, the preference for young universes is much milder and the
technical reason is different. In the HH case, the preference for short inflation is already
at the level of the action. Here, as generic for Wigner distributions (see appendix G), the
classical action vanishes on all classical solutions and we need to look at the prefactor which
is not as universal and depends on quantum corrections. It could be that in some models
these corrections lead to a distribution peaked around old universes.

If we project on the region of phase space corresponding to old enough universes, our
distribution has a meaningful probabilistic interpretation. Below we will show an example
computation of a local observable, namely correlation functions of a free scalar field on
our wormhole background. In section 7 we will give an example of how one can motivate
projecting onto old universes in our setup.

20Tf we include into consideration the fact that the inflaton potential has a finite range, there will be some
maximal number of e-foldings allowed, effectively introducing a lower bound on integration over V which is
larger than 1.
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Until now we considered compact universes, even though we saw that the overall size L
tends to be large. Classically we can consider geometries that correspond to a non-compact
universe and take L — oco. In this limit the value of a is not meaningful, however, a/a is still
observable. It is somewhat puzzling how to think about this from the phase space point of
view, because the phase space is naively odd-dimensional. Nevertheless, it is reasonable to
assume that the delta-functional Wigner distribution (6.5) that depends on U and V' only is
still the right answer in this situation, assuming that ® is also large.

Above we found the classical solution with a connected geometry corresponding to Wigner
boundary conditions, while there was no solution with boundary conditions corresponding to
a density matrix. If our distribution were an integrable function on phase space with a smooth
Fourier transform the classical saddle for the density matrix would also have existed. As we
just discussed, while we have a reasonable probabilistic interpretation for our distribution, it
is not normalizable in two directions corresponding to large volume and large dilaton, and in
addition to this exhibits an unknown behaviour in the region of phase space corresponding
to young universes. Thus our phase space approach suggests the regularization which is
needed in order to make the density matrix also well defined: we need to regulate the IR
divergences corresponding to large L and ®, as well as the UV divergence corresponding
to early times. We can imagine that both are regulated by some non-perturbative effects,
possibly of a different nature. For now we proceed with studying our distribution in the
region of phase space where our classical solutions are under control, and we provide some
details on inverse Wigner transforms in appendix D.

6.2 Momentum modes and power spectrum

Let us now consider perturbations of the inflaton field on our bra-ket wormhole background.
They can be thought of as an analogue of CMB anisotropies in our toy model of inflation.
We treat perturbations as a free scalar field with action

Sy = [ a5 ). (6.9
Let us consider a contribution of a single momentum mode
F.0) = fu(m)e™ + foy(m)e™ ™, (6.10)

where k is the comoving momentum. We assume k > 1/b so that we can treat it as a
continous variable. The distribution for the relevant background modes is given in (6.2). As
we discussed, it is very narrowly peaked around the classical solutions which correspond to a
closed contour without any Euclidean displacements of the endpoints. We will work in this
approximation. In fact, in conformal coordinates the metric drops out from the action (6.9)
and the solutions of equation of motion for fi(n) are the same as on a flat torus. If we fix
the boundary values of the mode to be f;; the on-shell action takes the form

k
’L'Sﬁk = =27 fi. p f—k vk tanh ?ﬂ , (6.11)
and the correlation function is then given by
oA 1
(frf-r)v (6.12)

B 47k tanh %’r ’
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The corresponding physical observable is the power-spectrum as a function of physical
momenta ¢ = —ksinhn, ~ —kn,. at late times. On our solution 7). is related to the phase
space variable V as n. = —/V — 1 for V close to 1. Making the change of variables the

power spectrum reads

q dq
% 6.13
WV —1 ) q (6.13)

Let us keep V fixed for now. We see that for modes that have physical momenta such that

(Fuf-vda = 4 coth

q/me > 1, i.e. modes that crossed the horizon at some point during the Lorentzian evolution
of our universe, we get the scale-invariant power-spectrum, the analogue of d?’qqi3 in four
dimensions. For modes that still had long wavelength when our universe was in the Euclidean
regime, that is with ¢/n. < 1 we instead get a different correlation function because they

are sensitive to the overall torus topology of the bra-ket spacetime:

-y = 3zt (614
This can be thought of as a thermal spectrum at temperature %.21 Following our discussion
above, we in principle need to integrate our power spectrum over V', as in equation (6.8).
From the point of view of our power spectrum it will look like integrating over the scale at
which the transition between the scale-invariant and thermal spectra occurs. In any given
realization of the universe once this scale is measured it remains the same for all other
observables because V is a very classical variable. Such a measurement will implement a

projection on a given value of V.

6.3 Classicality

We have in this section so far worked under the assumption that the contour opening as
parametrized by tg in the contour ansatz (2.7) was small. At various points of the text
we have emphasised that we think of this parameter as a measure of classicality, that is
how close the state is to a classical state. We will now check under which condition the
assumption of small ¢g, which is required to arrive at an action of the form (6.2), holds.
First, the Taylor expansion of the action is valid for small g < 1, which as can be seen
from the on-shell value (4.16) is true for

8A2poV V2 — 12> [20L(UV — 1) — Ao (2f5 + N)(1 4+ V)| . (6.15)

Having determined the distribution (6.2) we should also ask if the approximation we made is
valid for typical values of the parameter ¢z inside the spread of the distribution, that is for
phase space values for which the distribution becomes O(1). We can use the result (6.2) to
determine the expectation value of <t%>.22 Integrating the square of the expression for tg,

ZCorrelation functions in 2d CFTs at finite temperature behave as (O(x)O(0)) ~ (sinh 7Tx) ™22, Massless
scalar is not a well-defined operator, but we can approximate it with an operator of dimension A — 0, so that
the two-point function at large distances behaves as Tz, which leads to the Fourier transform behaving like
T/q> for small q.

*Due to the nearly Gaussian nature of the distribution (6.2), we have ({g) = 0.
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equation (4.16), and normalizing with respect to the overall distribution results in

v !

X .
LaX2¢0V/V2 — 1

Here we see that the cutoff on the L integration, L, appears explicitly. This is because

(6.16)

tg is not a local operator but a metric parameter. Validity of the approximation inside
the Gaussian in addition to the constraint (6.15) also leads to the demand that the above
expectation value is parametrically small, which is achieved by

LaN2poVV2 — 1> 1. (6.17)

For a given L, this puts a lower constraint on V. Such a lower bound can be easily
implemented by modifying the inflation potential, see footnote 20. For the solutions we are
considering this implies that geometrically the parameter b, which we can think of roughly
as the size of the universe in the Euclidean phase, has to be large, as can be seen by the
on-shell expression (4.11).

6.4 Comparison to Hartle-Hawking

Until now we have discussed only the connected geometry contribution to the Wigner
distribution. There is also a disconnected geometry that contributes, which is enhanced by
a relative factor €??. It is basically the Hartle-Hawking solution with modified boundary
conditions. We thus need to add up the contributions coming from two types of geometries
and study the full distribution.The situation for the disconnected geometry is, in a sense, the
opposite of that for the bra-ket wormholes. While the on-shell solution to the density matrix
can be readily found, classical saddles for Wigner boundary conditions are rather subtle. It
is easiest to first compute the density matrix and then do the transform. We discuss this
calculation in appendix A, where we also briefly mention classical solutions. In the large-L
limit for the case where we use the inflaton as time we get, using (A.12),

(I)2
Wi (L, ®,U, V| fy) = €% 276(U = Ua(L))3(V = Va(L)), (6.18)
where the classical solutions, now parametrized by L, are given by:
1 1
Ua(L) = 2 (1 + 2L2> FO0), V(L) =2 (1 - 2]7) + 0. (6.19)

Unlike in the bra-ket case, the J-functions do not get regularized by a finite A, instead they
get smeared because L and ® are finite.

To compare the contributions of connected and disconnected geometries we can, as in
section 6.1, consider measurements of some observable localized in a region much smaller
than L. We again assume that such observables cannot depend on L or ® directly, however,
they depend on U and V. We see that both terms in the distribution ((6.2) and (6.18))
project on classical solutions. These solutions are different at subleading order at late times,
so an observer with enough precision would be able to distinguish the two. The relative
weight of the two contributions is given by

4
Whra-ket ~ £€_2¢0 )

~

6.20
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We see that for large enough universes the bra-ket contribution will dominate. This effect is
somewhat similar to the domination of the double-cone geometry responsible for a ramp in
the spectral form-factor [35], see also [37] Note, however, also an important difference. Our
connected contribution is enhanced with respect to disconnected by powers of geodesic length
of the boundary, not by the renormalized length, or by factors of L/® only. This may appear
surprising because the calculations appears very similar, given that spectral form factor
also needs to be integrated over temperatures in order to correspond to an on-shell solution.
Nevertheless, in the AdS discussion only renormalized quantities appear, as is evident from
the boundary dual. The difference comes from the interpretation of the observables in dS
and in AdS. Namely, we see that Wyy is a narrowly-peaked function, almost a delta-function
on the phase space, while Wy et has an almost flat direction V', which corresponds to
the age of the universe. When evaluating the ratio (6.20) we assumed that the range of
integration in V is of order one, thus we do not put any priors on the length of inflation,
AN, ~ N,. This is not completely consistent since it would include contributions of young
universes. An extreme opposite limit is to assume that integration range of V is of order
e 2Ne or AN, ~ 1. In this case we are integrating the (smeared) delta function in the HH
piece on the scales of order of its width, see appendix A. It still integrates approximately to
1, however, the integral of the smooth bra-ket contribution will be suppressed by e~2e. This
will roughly change the factor of L? in (6.20) to the renormalized boundary length, more
similar to the AdS result. We think that in cosmology a reasonable prescription would be to
consider an intermediate situation N, > AN, > 1, which corresponds to keeping the first
term in (6.8). Then the ratio in (6.20) would change to
Woraket | L? 26y 2,-2(N—AN,)

~

6.21
et , (6:21)

so that we get a factor of renormalized boundary length squared, enhanced by a large
factor eANe,

If we add conformal matter, the bra-ket wormhole contribution will be additionally
enhanced by the matter partition function. This factor can also dominate over the topological
factor for large enough universes, as in [15]. In appendix F we discuss the entropy paradox
formulated in [15] and check that for very similar reasons the paradox is only present on
the disconnected saddle, and that the bra-ket wormhole always starts to dominate before
the paradox can occur, at least for the range of parameters and the region of classical phase

space in which we have good control of the calculation.

7 Temperature as time

In previous sections we have considered different types of Wigner distributions and analysed
their probabilistic interpretation with respect to observations motivated by the inflationary
phase in cosmology. In particular, we used one of the scalar fields as a time variable. In
this section we consider an alternative choice of time variable, inspired by a hot Big Bang
period of the cosmological evolution. During this period there is no classically evolving
elementary field that could be chosen as a clock field, instead, it is customary to choose the
temperature of the thermalized matter component as time. Indeed, once primordial plasma
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cools down to a certain temperature, certain events happen: a given particle decouples,
galaxies start to form, etc. The advantage of the time variable we use in this section is
that for its large values the universe is automatically old, so this way we alleviate the age
of the universe problem in our model.

In the two-dimensional toy model of cosmology that we are considering, we can think
of the CFT fields as a model of radiation filling in the expanding universe. The Euclidean
evolution prepares a thermal state for the CFT, then the fields dilute and cool down during
subsequent Lorentzian evolution resulting in a decrease of the temperature and therefore
of the energy density of the CFT. In particular, the latter is given by the time component
of the traceless stress tensor of the CFT?3

g = Ttt — %Tﬁ . (71)

Along the lines of the previous section, we consider a local observer making measurements
at a certain moment in the evolution of the Universe, with the difference that we imagine
such an observer being endowed with a measuring device, a clock 7, that is coupled to the
CFT in such a way that it can measure its temperature, and therefore its energy density .

We consider the system introduced at the end of section 4 with matter consisting of
both CFT and inflaton,?* Tx = Ts = 7. In the solutions we found, the energy density ¢ is
different at bra and ket sides, however, we will work in the classical regime where the opening
of the contour is small, see section 6.3. We thus can use a simple model for the clock which
amounts to adding the following (boundary) term to our action:

Sr=-3= [de(T+ B, (72)

where F = e + ep is the sum of the energy density (7.1) at bra and ket and v is a large
parameter. Then the path integral will be strongly dominated by configurations such that
E = —7, at the boundary.

Let us determine the distribution with this new time variable. The total action is

S = iSW(’I’,L,P,Q) + iSf + log(ZCFT) + Sr. (7.3)

Following the approximation we used above, the on-shell effective value of the energy den-
sity (7.1) is given by the Casimir energy and conformal anomaly (in FLRW Milne coor-
dinates (2.3)):

1 er/ 1 1
0= (1) (74

where we isolated the scale factor a(t)? = sinh?¢. Its sum at ket and bra becomes

—2t. 2t
E=cx+ep= ce CO8\2E) C;)S( z) +0 (6_4tc) , (7.5)

23The trace term that we remove is the same that we reabsorbed in the definition of ¢o throughout the
main text. Since we have fields that evolve with time and break dS isometries it is easy to write a covariant
expression that will reduce to (7.1) on-shell.

24We still keep equal Dirichlet boundary conditions on the inflaton for simplicity, even though we are not
using it as time.
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where we used the expansion (3.3) for . As we explained after reintroducing units in (4.26),
the CF'T contribution can be subleading because it is a one-loop effect, such that we will
neglect its contribution to the action here. After substituting t. and b obtained in (4.11),
the action as a function of tg is

iS(tg) = 2(®L — PQ)tan(tg) + mAdo(L + Q) (2fp + N\) tan(tg)

1
—4AN2¢01/Q? — L2(7 — tp)tg p— (7.6)

B 2
- (75 + TCM cos(2tE)> )

Extremizing this gives (up to the normalization factor)

2
W(L,®,Q, P; fy|Ty) = exp <_,Y (7?, + m> ) (7.7)

< exp (_ (2L — PQ) + mAdo(L + Q) (2fy + V) 2)

16A2¢0/Q? — L2

where we assumed that the solution for ¢g is not affected by the clock term in the action.

Notice that the first factor in this distribution for large values of v becomes a delta function

that enforces the following relation between @, L, Ty:
c(Q—-1L) cVV —

%:_W(Q—FL):_T(\/V—Fl, 78

upon which the distribution becomes (4.18) or rewriting with U,V variables (6.2). For large
v
/162260

distribution with the temperature as time variable is

—_

universes (large k = ) the latter becomes a delta function, so that the full Wigner

e (7.9)

When integrating observables against this Wigner distribution as in (6.7), the integral over

W(®, LU, V; y1T5) o 00 — Ua(V)) & (77, A 1) .

V' now simply replaces it with a corresponding function of 7. In particular, at late times,
this means that 7, approaches zero from below, and V is forced to be close to 1, which
corresponds to an old universe.

8 Conclusions

In this work we found new saddles of the gravitational path integral in de Sitter JT gravity
with various matter sources. The boundary conditions that we imposed correspond to the
Wigner distribution — a certain Fourier transform of the density matrix which is a function
on a classical phase space. The resulting geometries have two Lorentzian regions that are
naturally associated with bra and ket of the wave function of the universe, however, they are
also connected by a region with complex metric. Thus these geometries correspond to the
bra-ket wormholes of [15]. For a suitable choice of parameters, importantly for large enough
universes, our connected contribution dominates over the disconnected one, the latter being
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a standard Hartle-Hawking saddle. The connected solution exists for pure JT gravity, thus
the wormbhole is stabilized not by matter, but rather by boundary conditions on the metric,
as in the double-cone geometry [35]. It seems like our solution has much in common with
that geometry and it would be interesting to explore the connection further. Even though
the solution exists without matter, it does not lead to a very interesting distribution, which
in the simplest case is just a monotonic function.

For this reason we introduce matter and treat it as a perturbation. The solution
still exists, but it gets slightly deformed and leads to a more interesting distribution. In
particular, we add an inflaton scalar field with a linear potential and use it to fix the time
diffeomorphisms. This produces a distribution that is narrowly peaked around classical
solutions of the theory, see expression (5.25). This is in accord with the expectations for
the Wigner distribution of a generic semiclassical state. Ideally, the Wigner distribution
should also give a probability measure on the integration constants of the equations of motion.
This would fully solve the problem of determining the initial conditions for the universe at
the semiclassical level. Unfortunately, our distribution is not normalizable with respect to
these parameters. We emphasize that these are not divergences in the path integral that
computes the distribution. These are divergences that appear when studying the probabilistic
properties of the distribution. One type of divergence is related to the limit of large universes.
It could be that some non-perturbative effects become important in that limit. This is what
happens in the spectral form factor example, for which the ramp transitions to a plateau
due to such effects [57-61]. At the moment we do not have any proposal for how such effects
can be calculated in a cosmological context. Another divergence is related to a parameter
of classical solutions which we call the “age of the universe”. It appears because for most
of our choices of the time variable, large values of that variable do not necessarily imply a
long Lorentzian evolution of the universe. In fact, unlike in the Hartle-Hawking case, an
arbitrarily large universe can be created at an instant by a bra-ket wormhole. We do not
have control over our geometry in that limit which also leads to a divergence. This can
be thought of as a version of the “short inflation” problem of the higher-dimensional HH
wave function, which was one of our motivations. In our simple model we found one way to
address this problem — we related the time variable to the temperature of the matter fields
such that when this temperature is small, the universe is automatically old. It is possible
that there are other ways to address this important problem using bra-ket wormholes. In
particular, it would be interesting to study bra-ket solutions in modified JT gravity recently
discussed in [62, 63] as well as in other models of two-dimensional cosmology [64] and see if
they have better normalizability properties. Another source of corrections to dS JT gravity
appear from reduction from higher dimensions. For example, in [31] it was observed that
such corrections improve normalizability of the HH state. It would be nice to see how similar
corrections affect normalizability of the Wigner distribution.

The last point brings us to the most exciting future direction, which is to construct a
bra-ket wormhole solution in a four-dimensional inflationary model and see if it produces a
distribution consistent with the observations in the real universe. Because the JT gravity
model we considered is a reduction of 4D gravity, one can be optimistic that our solution
can be lifted to 4D. In this case, one gets an Sy x S; or Sy x R spatial topology. We can
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also consider other topologies in addition to the standard S3, for example, various compact
and non-compact hyperbolic manifolds. Some recent work on cosmological wormholes can
be found in [65, 66]. Double-cone wormholes, to which our solution appears analogous, are
expected to exist in arbitrary dimensions in generic theories of gravity and to be enhanced by
the universal ramp-like effect [35, 37]. As we mentioned above, bra-ket wormholes can right
away produce a very large or non-compact universe, with a homogeneous state of matter on
it. It thus can provide an alternative solution to the so-called horizon problem, even without
a period of long inflation. One can speculate what kind of phenomenological predictions a
model of this sort can have. Generically, we expect some form of anisotropy at large scales,
related to a spatial topology to appear, as well as corrections to the power spectrum, also
at long distances, in the spirit of the formula (6.13). Additional corrections to correlation
functions can result from the bra-ket wormholes of the type considered in reference [19]. As a
step towards a realistic construction, one can also consider three-dimensional gravity, where
both the choice of spatial topology and quantum corrections are more tightly under control.
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A Hartle-Hawking density matrix and its Wigner transform

In this section we first review the Hartle-Hawking wave function with Schwarzian corrections
and then consider the Wigner transforms of the corresponding density matrix. The Hartle-
Hawking geometry is discussed in global coordinates, equation (2.2). The prescription
demands the joining of the Lorentzian geometry (2.2) at the point £ = 0 to a continuation
of that same geometry to the Euclidean half-sphere:

ds® = db? + cos(0)%dp*, 0<0<7/2, (A1)

via t = if. The contour on the complex £ plane is shown in figure 5(a). Note that we refer
to this contour as Hartle-Hawking contour, in spite of the fact that in the original proposal
the wave function contained two contributions with the opposite singes of the phase. As
before the on-shell action of the dynamical bulk term is zero. The topological term along
the contour shown in figure 5(a) can be split into two:

=i =i 0
1Stop. = 10 (/i:o dt cosh(t) — sinh(ﬂ‘fzo ) + i </ﬂ/2 idf cos(G)) = ¢, (A.2)

where the first term corresponds to the Lorentzian section and the second term to the
Euclidean half-sphere. In addition the boundary term supplies

idey = <—i¢b€[{ + wbb) , (A.3)
20
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Figure 5. (a) The integration contour of the Hartle-Hawking wave function in terms of the global
coordinates defined in (2.2). (b) The contour for the Hartle-Hawking density matrix. Bra and ket are
shown in blue and red respectively. The bra and ket future boundaries are denoted by blue and red
dots, the poles of the half-spheres are instead denoted by circles. Note that there is no connection
between bra and ket in the past. On the bra side time goes in the opposite direction because of
complex conjugation. For the Wigner distribution of this quantity we integrate over the full domain
of possible differences between bra and ket contour endpoints.

in late time expansion. This can be extended to include Schwarzian fluctuations resulting
in the expression [31]:

3/2
Ui (Cc|dn) = (Zﬁ) exp (qﬁg _idyli + 12?2) . (A.4)

Up to a convention dependent number. We give some more details on Schwarzian corrections
in appendix C.The first term in the exponential comes from the topological term, whereas
the other two come from the boundary term of (2.1). The above HH-wave function (A.4) in
turn defines a factorisable contribution to the density matrix of the universe (1.3):

pun(Cx, Ll dp) = VU (LB, dp) ¥ (LK, db) , (A.5)
which explicitly amounts to

3

PHH(€K7 EB‘QSb) = mexp (2¢0 — igﬁbAﬁ + iy

2AL ) (A6)

(A0)2 — 412

The diagonal elements merely consist of the topological term. Let us first note that this is
a Hermitian density matrix: p({x,fp) = p({B,lKk)*. We would like to perform the Wigner
transform of this expression, i.e perform the integration

2L

WHH(L7P|¢b):/ 5 dAL pun (Ui, Ll dy)e T2 (A7)
A

Here we have restricted the integration range as we are considering ¢k, fp > 1, because
outside of that range we need to include finite cutoff corrections.?® Clearly the result will still
exhibit the topological weighting present in (A.4) and (A.6). Next we want to understand

258ee reference [55, 56 for work on the JT gravity at finite cutoff.
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the functional behaviour of (A.7) in terms of P and L. Let us assume that the integral is
well-approximated by Ly < L. Hence we expand the last term in the exponential of the
integrand for small A¢. At leading order this leads to a linear term in A¢ with a correction
in form of a cubic term, which we will drop for the moment. Then inside the integral A¢
acts as a Lagrange multiplier. Setting a cutoff L, on the integration boundaries leads to a
regularised d-function of width 1/L,. Taking it large therefore leads to the result

Wun(L, P|¢y) ~ e2¢oié5 <¢b (1 + 2;) — P) . (A.8)

As can be checked by the explicit equations of motion, the J-function peak is at the on-
shell value of the variables L and P. Now if we include the cubic term, we can find two
saddlepoints which lie at

2LVBIP — ) — 1
ava,

and are therefore inside the allowed region. These saddles can be also found semi-classically

Al =+ (A.9)

by directly solving the bulk equations of motion with Wigner boundary conditions. The
saddlepoints in (A.9) also lead to a regularized expression for the d-function of the on-shell

1/3
values of phase-space variables, but with the width given by % (%) / , which is also small

in the large-L limit. We can trust the saddle points in the limit % > 1. This is also the
limit in which we can trust the bulk solutions, as long as the phase space variables are within
the peak of the smeared d-function. We can drop the cubic in A¢ term in the opposite limit
% < 1 and in this limit we do not find any bulk solution. In any case we get a J-function as
in (A.8) up to an order-one constant and corrections that vanish when L is large.

We can also determine the Hartle-Hawking Wigner distribution of the type (4.5) which
we denote with Wy (L, Q, ®, P|f;). For this we have to start with a slightly more general
density matrix:

pun (0K, ¢, Ui, €B| fv)

2 _ Ap2\*? (AL (D) — A
— exp(260) (H) exp (—z‘ (AlD + ApL) + 21 ~ E(f_) - ¢L)) . (A.10)

Even though we have dropped A corrections in this expression one should still consider the
inflaton to act as the time variable here. We comment below on how the result is affected by
explicitly including the inflaton contributions. The integral transform we have to perform is

oL 20 , .
Wan (L, Q, ®, P|fy) Z/ dAl dAGpun (oK, o, lKc, Lp)e' T Al @A (A.11)
2L —2®

We consider similar logic as for the previous transform. For both integrations we do not have
control over the full range as our results for the density matrices only hold in the regime
of ¢p and /£ large. The A¢ integral then supplies an extra J-function, this time regularized
by the ® integration range. Overall this results in the expression

Wit (L, Q, P, | fy) ~ exp(260) (ii) 5 <<I> (1 + 2;) - P) 5 (L (1 _ 222) _ Q) .
(A.12)
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In the approximation we are working in, the inflaton only backreacts on the dilaton. Hence,
both dilaton variables are changed via backreaction. In the above expressions this merely
shifts the peak of the delta functions in a A-dependent manner. In addition there is an
Euclidean contribution which shifts 2¢g in the exponential by a small amount.

B Gravitational actions and boundary conditions

In this section we determine the appropriate actions for the three types of Wigner functions we
have discussed in the main text, namely the functional integrals (1.4), (4.5) and (5.14). Discus-
sion of boundary conditions in the context of JT gravity can be found in the references [67-70].
For convenience let us do this explicitly in FLRW coordinates, which are of the form

ds® = —dt* + a(t)?de® ¢ ~ ¢+ 27b, (B.1)

where choosing a(t) = sinh(¢) gives Milne coordinates, equation (2.3). Let us start by
considering the dynamical bulk term of (1.2). In FLRW and minisuperspace approximation
this amounts to:

Sz%/d@dt(d—a)gﬁ. (B.2)

The dynamical fields here are the scale factor a and the dilaton. By taking the variation with
respect to ¢ one trivially gets the equations of motions for the metric, without any need of
adding counterterms to ensure the validity of the variational principle. Taking the variation
with respect to a instead gives after performing partial integration

a8 = o [ didold — 9)6(a)

+ ;ﬂ/d@ ((5(2a) @ +6(4) Ag) — (5(Aa) & + 5(A)AH)) . (B.3)

The boundary terms are written in terms of sums and difference of boundary quantities with
uppercase letters indicating sums and A indicating differences: X = w and Az = xx—xpg.
For a single boundary the different possible boundary conditions are determined by the dilaton
and the boundary metric and their canonical momenta, amounting to the normal derivative of
the boundary metric and the normal derivative of the dilaton. Here we see that the presence
of two boundaries furnishes linear combinations. These quantities are obviously related to
the boundary length, its normal derivative (we denote with @ its sum at bra and ket as
in (4.6)), the dilaton, and its normal derivative:

1 1 .
L:%/dgoA, Q:%/d@él. (B.4)

There is a subtlety in the definition of the above bra and ket quantities for the m-contour
and deformations thereof, that lies in the branch of the induced volume form to be chosen,
i.e. the sign of \/EK,B = +a(tk p). Our choice is to pick the sign for which the real parts
of the various quantities are positive at both bra and ket, consistently with what we have
done for the boundary lengths in (2.5) and gives:
aKg — ap . ag +ap
A= —5 A= — 5
Aa=ak +ag, A(a) =axg —ap, (B.5)
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where we also take into account the change of signs of the normal derivatives at the boundaries.
For the quantities involving the dilaton instead the ambiguity is not present and we have

oK + ¢B dK — op
2 . . . 2 ’
Ap =9k — 9B, Ad=0¢K+¢B. (B.6)

@Z 5 P:(.b:

From the expression (B.3) we can read off the dual momenta involved in the Wigner transforms
Al «— P and A¢ < @, and identify which counterterms one needs to add to the action
to ensure the validity of the variational principle for each choice of boundary conditions.
We recognise the first two terms as the standard Gibbons-Hawking term. In sections 2.1
and 3 we consider the dilaton ¢ to function as our clock field, such that we set Dirichlet
conditions on it: ® = ¢y, A¢ = 0. We can also see that the third term of (B.3) comes into
play when we do not fix the boundary length difference. Therefore the correct action for
the Wigner distribution W (L, P|¢) is given by

1 ) 1 .
Swit.Pin) = 5 / didt (i = a) 6 + - / do (AaP — Aady) = Spp + AP, (B.T)

where we used P = ®. This is the same as expression (2.6). In section 4 we consider the
addition of an inflaton field f. As explained in the main text we therefore consider Dirichlet
conditions for f and free up the difference in the dilaton values, i.e only fix ¢ at the boundary.
From (B.3) we can read off that this implies a boundary condition on the conjugate momentum
Q ~ fdga/l. For the JT sector therefore the appropriate action for W (L, Q, ®, P|f3) is

1 1
SwiLQ.p) = 5 / dpdt (i —a) 6+ o / do (AaP — Aa®) = Spp + ALP+A¢Q, (B.8)

which of course is supplemented by the inflaton action. In section 7 we also encounter the
case where we set Dirichlet conditions on the scale factor but Wigner conditions on the
dilaton, i.e. fixing (®, @), so that the arguments of the Wigner distribution are W (®, Q|¢)
looking at (B.3) we see that the appropriate action is

1 . 1 A
Sw(,Qle,) = o /d(pdt (@—a)o— %/dga Aa® = Spp + A9 Q). (B.9)

C Schwarzian corrections

In this appendix we display some details regarding the integral over Schwarzian fluctuations.
This is relevant to both the Hartle-Hawking wave function (A.4) and the prefactor of the
off-shell density matrices used in section 5 and the appendix D. Schwarzian Corrections

¢

correspond to introducing a “wiggly” boundary under the constraint of a fixed geodesic

length [29, 30]. Let us start with Hartle-Hawking wave function. In the global coordinate
system (2.2), we set the following boundary condition:

cosh(tr (u)) @y = lx . (C.1)

Here u is the intrinsic boundary coordinate and the ’ here denotes a derivative with respect
to that coordinate. Solving for {x (u) as an expansion in large £x and performing a partial
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integration leaves us with an action of the type

iy [T 2 Ok ’
G o
18 = ¢g — idply + Trix Jo du | ¢ <¢,K> . (C.2)

The field ¢ is restricted to be monotone increasing and to wind once around the circle
parametrized by u: $x(u+27) = P (u)+ 2m. As the Schwarzian action is SL(2,R) invariant
we have to mod out by this symmetry when considering the path integral. We integrate
over the symplectic manifold diff(S*)/SL(2,R), which leaves us with the following expression
for the path integral [20]

AN 2

idp 27 52 _ ( PK

y Dok S (2= (F))
Wyp (¢ = P vl [ TR K . C.3

HH( K’¢b) ee SL(Q,R)e ( )

The integration measure follows from the symplectic form of the manifold diff(S!)/SL(2,R) [49,

71, 72]. As we are interested in perturbations of our saddle, let us expand ¢x = u + €(u).
The aforementioned measure then takes on the form [20, 73]

0=1 / 7 du (d€ (u) A de" (u) — 2 Schw(u)de(u) A dé' () | (C.4)
0

where « is a convention dependent number. Decomposing € into Fourier modes and discarding
the zero modes leaves us with the expression

. i iy
Unn(Ux|dp) = e H dra (n3 - n) /defdeieﬂi(n4_n2)((6§)2+(6£)2) . (C.5)

n>2

We see that to guarantee convergence we must consider a slight imaginary deformation of
the contour. Regularizing via the (-function gives expression (A.4), where we have fixed
a to avoid numerical factors.

Let us now come to the density matrices of section 5. Compared to Hartle-Hawking,
there are now two boundaries and there is an additional internal modulus b, which breaks
the SL(2,R) symmetry down to U(1). For both bra and ket we set Schwarzian boundary
conditions as in the main text, equation (5.1). This induces fluctuations on both boundaries.
For the ket we end up with an integral over fluctuations of the form [20]

"o\ 2
i 27 , Y
cmitntic [ Dexc Tl du(_bz“"’%_(w’];” (C.6)
U(1) ‘ '

We again consider the measure (C.4) but in the mode expansion of € we only have to remove
a single zero mode, such that we get an extra multiplicative factor compared to (C.5) and
hence a different power for the final result. The bra amounts to the above expression with
lg replaced by —¢p and the overall off-shell density matrix is a product of the two, i.e
expression (5.2). We can repeat the same steps but with the dilaton taking on different
values for each boundary resulting in expression (D.5).
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D Some details on inverse Wigner transforms

In this appendix we give some additional details on various inverse Wigner transforms. Our
goal is to show that the exponentials of the off-diagonal elements starting from expression (4.18)
can be matched to the direct approach from the transform of an off-shell density matrix
(in the A to zero limit). This then gives us further justification to match the prefactors
for the diagonal elements as we do in section 5. We will not consider the more involved
calculation of the prefactors away from the diagonal limit. Let us first come to the object
W(L, P; ¢, #B|fp), which can be defined via an inverse transform as in the main text,
equation (5.8), which we restate here for convenience

W(L.Piox. ol = | T AQW(L,Q, B, P|fy)e 907 (D.1)

This object amounts to a Wigner function in phase space variables P and L. However
in the variables ¢k, ¢p it behaves like a density matrix. Hence, it is Hermitian in those
variables. Performing a saddlepoint integration, leads to the saddlepoint (5.10), which we
also restate here for convenience

, ®L
Q=4 +0). (D.2)

The conjugate variable A¢ appears at order O()\?) in the above expression. The value of
the action on the saddlepoint then amounts to

W(L, P; ¢, 5|/

2 27 STHZ — P2
= N1 P65 €XD (—QiAqSL + z’AfP _ A9oA¢ Lpg(qﬂ — P2)> . (D3)
Here we have dropped O(\) imaginary terms but included the first real contribution. We can
see that the off-diagonal element exhibits a non-zero action, which is Hermitian as expected.
Here we do not give an explicit expression for the prefactor and hence just denote it as
NL7P1¢K1¢B’ It is a product of Gaussian fluctuations and the prefactor Ny ¢ 1 p, which we
determined in section 5 on the saddlepoint. We should arrive at the same result by considering
the following transform starting from a density matrix:

2L

W(L, P; ¢, ¢Bfo) = / QL(dAE) /0  bb PO (b, s, oK, bl fo) e (D.4)

Here we have introduced a new type of density matrix

2 2
o e, b, 05100) = )[4 mm o0 (i (Bt + Aor) + 22 (8= T2 )
(D.5)
We denote the inflaton field here as the clock field. Even though we will neglect A-corrections
here in the following, they could easily be included. If we now perform the integration, we

see that the saddlepoint equations are solved by
L

L\/(<I> — P)\/4<I>2 — Ag?
\/5(1)3/2 ’

b=+

(D.7)
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Naturally, as we are interested in the saddle appropriate for b > 0 and real we consider
® > A¢. and & > P, which leaves us with one saddle, which gives the exponential

. APLP
W(L, P; ¢, 68| fs) = NPL és 656XD (—21A¢L+z d:p > .

(D.8)

Comparing to (D.3) we see that action agrees in A to zero limit. Now let us come to
W(Q,®;lk,lp|fp), which we also defined via an inverse transform in the main text, namely
equation (5.21), which we recall

Lol .
W(Q, ®; i, L5l fy) = /0 dPW (L, Q,®, P|fy)e AL . (D.9)

The saddlepoint as in the main text, formula (5.22), is of the form

_®L

P*
Q

+0O(\). (D.10)
This results in

W(Q, ®; k., LB\ )

ABQ  N6oAP(Q+LI(Q—1I)
L

= NQ.& ¢y t5€XD <2iA€<I> +i >

> , (D.11)
which again is Hermitian with respect to ket and bra boundary lengths. We have dropped an
O()) imaginary term but kept the first real contribution at O(\?). Starting from the general
density matrix, equation (D.5), we can perform the following transform

29

W(Q, ®; (., (5| fy) = / (da0) /0 T bdb o Uk, L, bic, b3 )9 (D.12)

which results in

ALDQ
. ) . (D.13)

W(Q, D Vg, ﬁB‘fb) = NQ,q,,zK’gBeXp (—Qiﬁg@ +1
We again see that in the A to zero limit that the action is the same as in (D.11). This provides
further confidence in matching the prefactors in the diagonal limit as we do in section 5.

E Dimensional reduction from the four-dimensional geometry: restoring
units

The nearly dSs gravity system that we are considering can be obtained by a dimensional
reduction of a four-dimensional geometry that is approximately dSs x S?, where dS may have
compact or non-compact spatial slices. Such a four-dimensional geometry can be obtained
in the near-extremal limit of Schwarzschild-de Sitter black holes [31].26 The extremal limit
of a Schwarzschild-de Sitter black hole corresponds to the largest choice for the mass, such
that the position of the cosmological horizon and the black-hole horizon coincide. This

264S, JT gravity and deformations can be obtained also from a circle reduction of dSs [74, 75].
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solution is referred to as the “Nariai” solution [76, 77]. Close to the horizon the metric
can be rewritten as dS; x 52

ds® = ds(y) + RigdQ3 . (E.1)

An approximately d.Sx .S? metric can be written by replacing in the above Rgs — 7 = (Rgg-+6)

where § depends on dSs coordinates and parameterizes the (small) deviations from dSs x S2.

The four-dimensional Einstein-Hilbert action is?”

M? 2
Syq = 717 /d4x = (R(4) - R§S> + boundary terms. (E.2)

Dimensionally reducing this action, performing a Weyl rescaling dsé) — ds%m% and

expanding r = Rgg(1 + 0) in small § gives us

M? R? M? R? 2
SQd = M/dQ.f —4d(2 R 2 + M/d%c —4d(2 2(5 (R 2) — ) (E3>
2 V9@ H2) 2 V@) (2) R%S

+ boundary terms,

which is the standard JT action (1.2) with ¢9 = 27TR§SM3 and ¢ = 2¢pd. Even if ¢ < ¢y,
the dilaton still scales with ¢ so that ¢ ~ MgR?iS. Let us look also at the inflaton action

2
S4,f = /d4$,/—g(4) <(8§) - )\f) . (E4)

Performing the same dimensional reduction (considering only the s-wave sector) and the

Weyl rescaling we get

2
Saf = R?zs/d%\/*g(g) ((ag’) - Af) ; (E.5)

where we also neglected effects of the deviations from exact dSs x S? choosing r = Ryg,
i.e. we neglected the coupling of the dilaton with the inflaton. Notice that A ~ length~3.
Choosing the gauge (E.1), in minisuperspace approximation, and redefining the coordinates
by stripping off the de Sitter length

ds? = R (—de + a2d¢) : (E.6)

we see that the gravitational action becomes precisely the one we used throughout this paper
-1 d?

52 grav = Z%Or /d%ER + = / d*i ¢ (d; — a) + boundary terms. (E.7)

So if we define the quantities ¢y, P etc. using the variables ¢, » we get the same answers
as in the previous sections. The inflaton action becomes

2
Sop= Rfls/dzxa (; (ig) - ARfle> . (E.8)

2"We do not specify the boundary terms since we used different boundary conditions throughout the paper.
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We therefore get the action (4.2) we used throughout this work but with the substitution
A— )\Rfls and ¢g — R?ls- It is now straightforward to reintroduce the units in the various
results. The Wigner distribution with CFT matter, i.e section 3, is unchanged

meLy/4(d} — P?) + ”f;) E9)

Werr (L, Pléy) = N, pjs, exp ( (60 + P)

but we have to remember that ¢p ~ P ~ MZ?R(%S so that the CFT term is subleading. One
can also redo the calculation of the prefactors, for example (5.6) and one does not get any
additional M, as we expect since it is a subleading one-loop effect:

Npp=nL. (E.10)

When adding matter further subleading effects will give corrections to the prefactor of order
¢ (MyRgs)~2. For the distribution with the inflaton introduced in section 4 we have

[2(®L — PQ) + mARL (L + Q) (2fp + /\Rfls)f) ‘

W(L,Q,®,P|f,) =N, exp | —
(L,Q |.f5) L,Q,®,PEXpP ( 16)‘2RSS Q2 — L2

(E.11)
Lastly, when we consider both the inflaton and the CFT, we get

W(LaQaq)aPLfb)

1 2[2(PL — PQ) + mA Rig(L + Q) (2f, + A R%)]?
= NL,Q.o,Pexp <47Tc\/m _ 2] e (jri L }(22:) is)] '

(E.12)

F Entanglement entropy

An analysis of the fine-grained entropy in various regions of the de Sitter spacetime can
be found in references [15, 74, 78-81]. It was argued in [15] that bra-ket wormholes must
contribute to avoid an entropy paradox on the basic Hartle-Hawking background. In this
appendix we study the resolution of the paradox on our geometry corresponding to the
Wigner boundary conditions we outlined in the main text. The logic and the result is the
same as in [15], however, since the background solution is slightly different here, we find it
useful to repeat the steps. In our cosmological toy model, we consider glueing the expanding
dS region to flat space at the reheating surface as in figure 1. The evolution in the gravitating
region prepares a highly entangled state for the matter fields in the flat space region. With
such a state, we can compute the entropies of subregions using the gravitational fine-grained
formula [11, 12], which only requires the knowledge of the semiclassical geometry in the
gravitating region. A thorough analysis of the entanglement entropy of subregions in this
setting was performed in [15], finding that the islands ensure that the entropy cannot grow
larger than the dS entropy, however the disconnected geometry on its own presents a violation
of strong subadditivity. In short, this happens when considering the entropy of intervals
of length [ in the flat space region. The matter content consists of two CFTs: one with
large central charge ¢ (CFT,) for which the island entropy dominates and one “probe” CFT
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with small central charge ¢, (CFT,) for which the no-island entropy dominates. One then
considers the strong subadditivity inequality between the following subsystems:

S(AcUAp) + S(Ay UA,) — S(A.U A, UA,) — S(4,) >0, (F.1)

where A, indicate the subsystems consisting of fields of the CFT,, in the region A which
consists of an interval of length [ (or its complement A) in flat space. This inequality
gets violated when islands start appearing in the subsystems that include the CFT.. This
happens for large intervals:

1> e 2 (F.2)

In [15] it was shown that on bra-ket wormhole geometries the paradox is avoided. However,
the latter had to be stabilized by adding some Euclidean evolution in the flat space region to
become a solution. In this section, we study the entropy in the saddle we found through the
Wigner distribution and we conclude that also in this setting the paradox is avoided.

F.1 Entropy on bra-ket wormholes

We found classical saddles for the bra-ket wormhole using the Wigner formalism. In general
these have a complex geometry at the bra and ket boundaries, so when we glue to the
non-gravitating region we have still have a complex geometry. It is somewhat subtle to define
entanglement entropy in the Wigner distribution language since it is not a linear operator.
However, we can consider a case where the backreaction is not too large and the contour
endpoints are close to the original m-contour, which corresponds to £x = £ and real. In
this setting we can still use the islands formula to investigate the nature of the state using
the wormhole as a classical background.

Before reviewing the calculation of the entropy let us explain in detail what is the
background that we consider and the approximations we use. The setup is the one introduced
at the end of section 4 with the CFT with a large central charge ¢ > 1. The inflaton can
therefore be thought as a probe field solely to define a clock, and we can ignore its backreaction.
The distribution and deviation from closed contour are given by (4.25) and (4.24) in the
limit of A — O0:

o 2
Worr(L.Q. 9. PIf) = Nigo,p exp (iwcx/@ e %) SNCX)

, __8(®L—PQ)
B e /Q2 — L2

The distribution consists of two factors: the first pushes for large values of the Casimir

(F.4)

energy and solely depends on L, (Q, the second is a quadratic term that suppresses the
phase space regions:

8 (L — PQ)?
me/ Q2 — L2

giving typical values for ®, P in the large Casimir energy regime. The condition of having

Vv

1, (F.5)

an approximately classical and continuous geometry within the spread of the distribution
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can be expressed via the parameter ¢t analogously to what is discussed in section 6.3. It
is (after rewriting in U,V coordinates (6.1))

cLVVZ—1>1. (F.6)

In the regime of ¢ > 1, this bound is weaker than the one we have to put on the size of
the Universe in the Euclidean regime to trust the effective description of the CFT given
by Casimir energy and conformal anomaly (3.8):

b>1 << LVV2—-1>1, (F.7)

which, for large L, we can achieve with an appropriate inflaton potential as explained in
footnote 20. We also focus on the regime for which the Universe is sufficiently large, such
that L > %, as in [15], where the calculation of the islands entropy can be done in the
OPE limit of twist operators.

Let us now move to the calculation of the entropy in our setup. The bra-ket wormhole
solution is obtained in the Milne patch (we will stick to conformal coordinates here), which

we first introduced in (2.3) but repeat here for convenience

2 —dn? 4 dy? A

ds” = sinh(n)% ' 0=

S h— F.
—tanhn (F-8)

In these coordinates we have ¢ ~ ¢ + 27b. Up to the conformal factor, this is the metric of
Minkowski space. The relation between this and the flat space metric

ds® = —dt3; + da?, (F.9)

is fixed by glueing at the reheating surface n = 7. to

¥

x = embo (F.10)
We have that ¢ ~ ¢ + 27b implies © ~ = + 27b/(—sinh.), where 7. is also fixed in terms
of the Wigner boundary conditions. The state of the CF'T produced in the non-gravitating
region is now a thermal state at inverse temperature 8 = iAn, more precisely, at the rescaled
inverse temperature 3, = (—sinh7.)S. This parameter is given in equation (3.3) but since
the contour is approximately closed we can neglect the corrections and stick to § = w. We are
working with a compact spatial slice but we imagine that the spatial circle is large, so that
the entropy for a segment of length [ in the flat space region, i.e. Ap =1 (—sinh(n.)) ~ I(—n.)
in the bulk, is [82]:

S, no-island =

© log <Sinh(As0)> g <(—nc) Sinh(l/(—nc))> | (F.11)

Euv,p Euv

where €,y = (_nc)guv,ap- We can now look for islands. For this we need the explicit solution
of the dilaton in the presence of conformal matter. As explained above, we ignore inflaton
backreaction effects), such that we have:
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Figure 6. a) The ansatz for islands in the gravitating region (green). The subregion A is in the
non-gravitating region (yellow), to emphasize this, we added in the figure some time evolution in the
flat space region even though we computed the entropy right after glueing the two at the reheating
surface. The position of twist operators is denoted by red circles, the cuts are represented by dotted
lines. b) After finding an island in the throat (at 1 = iw/2 —1j), we can interpret the entropy computed
through the gravitational fine grained entropy formula as the entropy of the subsystems AUI entangled
in the TFD state, since the island lies at a Zs symmetric point of the torus.

where we have explicitly included the dependence on the temperature induced by the non-
contractible time cycle of the bra-ket wormhole, see figure 4, which will be set to = =
below. In the approximation ¢ > 1, the search for extremal surfaces can be restricted to a
configuration with the same spatial point as the end-points of the interval [ in the flat space
region. This is justified in the OPE limit of the underlying twist operators. The ansatz for
the two islands that lie at some generic point 7 in the bulk at the same spatial point as the
endpoints (depicted in figure 6(a)) is therefore (using equation (F.12))

A c n c (sinh(n))?
9 _° -1+ Zlog | —————~—| ¢- F.1
Sge {¢0 + —tanhn 4 [tanhn ] * 6 ° l— sinh(7)euv,, (1)

From the result of [15] we expect the islands to be in the middle of the contour in Milne
coordinates i.e. in the throat of the wormhole. This point can be parameterized by n = in/2—1,
the ansatz becomes

. Wi
Sgen = 24 do + Atanhij + - K”T - n> tanh 7j + 1} 4 Slog | 2T L (F.14)
4 2 6 Euv,p
To ensure that the ® argument of the Wigner distribition is real, we have to give an imaginary
part to A: A= A, — %, and we see that this cancels the imaginary part of the dilaton term
in the entropy. The on-shell value of A, is (in small ¢z limit justified by classicality):

4oV -12

5 (F.15)
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The phase in the argument of the logarithm does not change the extremization procedure
and we discard it, getting to the following equation for the extremum

—24A, + 6¢f) + csinh(27) = 0. (F.16)

This equation always has a real solution, meaning that there is an island in the throat of the
wormhole. However, the fact that (F.16) is a trascendental equation forces us to consider
some limits to get analytic expressions. In the large ¢ regime we can consider 7} to be small.
We get the following extremum

it =2 (F.17)

The entropy is then obtained by plugging this in the equation (F.14) and discarding a phase
inside the logarithm that does not affect the extremization procedure, such that we get to”®

c 1 1 A2
$o + 1 + gclog <€uv,np> +0 (c)] . (F.18)

Notice that in this limit the entropy does not depend on A, and therefore does not depend on

S =2

the amount of Lorentzian evolution in the de Sitter region. By comparing with the no-island
entropy (F.11) we see that the former dominates if

%o

)
C

®o

Ap>6 > (—nc)G? : (F.19)

Notice that these islands appear for shorter intervals than the Hartle-Hawking ones (F.2).
As we said above, the extremum equation (F.16) always has a solution in the throat of the
wormhole. In that region, the metric as a function of 7 is:

¢(7) = Atanh 7 + z (1 — 7 tanh ), (F.20)
dn? — dy?
2 _
ds” = “coshi? (F.21)

It would be interesting to see if this region of spacetime, where the island can be located,
has any physical meaning. For the double-cone geometry an analogous region was discussed
in [83]. The fact that we find an island in the throat allows us to interpret the entropy
obtained through the islands formula as the entropy of the CF'T fields in the flat space
region entangled with another system which is comprised of the CFT and geometry in the
throat (F.20), in the TFD state |AU I)7pp, as in figure 6(b). As in [15] this allows to resolve
the subadditivity paradox found using the Hartle-Hawking geometry. Let us report the
argument here. The inequality to consider is (F.1) and the islands configuration for the
calculation of the entropy of the various subregions involved is summarized in figure 7. For
the contribution for which the islands dominate we have

S(ApU A.) = Area terms + Spyik(Ae U 1) + Spuk(Ap U L) , (F.22)
S(Ap U Zp U A.) = Area terms + Spuk(Ac U ) + Sbulk(Ap U Zp U Ip) . (F.23)

28We also average over the position of the islands that can be either at the bra or at the ket, in the ¢ > 1
limit doing this just cancels the imaginary term in the ansatz.
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Figure 7. Islands configuration for the calculation of the entropy of the various subregions involved
in the SSA inequality (F.1). We draw only the half-wormhole between the flat space region and the
throat. In a) and c) the islands appear because of the large central charge ¢, it is important to notice
that the additional twist operators added following the QES prescription do not distinguish between
the two CFTs so one has islands for both the CFTs: I, and I,. In b) and d) instead the no-island
entropy dominates.

Whereas for the configurations for which the no-islands entropy dominates we have

S(Ap U Zp) = Sbulk(Ap U Zp) , (F.24)
S(Ap) = Shui(4p) - (F.25)

Putting all together, the area terms as well as the entropy of A.U I, cancel and we remain with
Sbulk(Ap U Ip) + Sbu1k(Ap U Zp) — Sbulk(Ap U Zp U Ip) — Sbulk(Ap) > 0. (F.QG)
Which is satisfied because it is a strong subadditivity inequality for the CF'T), in the TFD state.

F.2 Entropy on Hartle-Hawking: checking that the paradox never appears

To check that the paradox does not appear, we will argue that whenever the problematic
island in the disconnected geometry appears, the wormhole dominates. To do so, we first
have to evaluate the entropy for the global Hartle-Hawking geometry. As we have done for
the connected solution, we stick to a configuration where the geometry is continuous, this
corresponds to the situation where we consider the point in phase space that corresponds to
the peak of the delta functions (A.12). The relevant metric is (2.2), in general there are two
different integration constants for the dilaton on the bra and ket branches of the contour,
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Figure 8. Depiction of the ansatz for the generalized entropy to determine the entropy of an interval
after preparing the state in the Hartle-Hawking geometry.

which in the limit where the geometry is continuous coincide and are equal to

)
AG,K = AG,B = f = AG . (F.27>
In this case, the spatial circle is compact and of length L = 2rL. Where L is the argument
of the Wigner distribution (the average of (2.5) at bra and ket). The Hartle-Hawking state
corresponds to the vacuum for the CFT, therefore the no-islands entropy for an interval is

the standard one for a compact spatial slice [82]:

. (Ap 7o (ml
Sno—island = Elog (28111(2@)) = E log (LSID(L)) y  Euv,p = 2fﬂ-guv . (F28)

3 Euv,p 3 TEuy

Notice that this entropy is maximized at | = L/2. We can also look for islands, as we have
done before, we search for islands in the bulk at the same spatial point as the end-point
of the interval in the flat space region, see figure 8.

Therefore, the ansatz for the generalized entropy is

et —sin(f) 6 — sin(f)euy,¢ 6 -

Extremizing this gives the following result

64g
.

Ak

sin(f*) = (F.30)

We are interested in the regime of L > ®/c which implies Ag/c < 1, in this limit the
entropy is given by

c ¢ 6Aq 9
Smﬂd2¢0+3-F3bg<cawﬁ>—%O<AGﬁ). (F.31)
In order to have an island we need that:
3P 1
Sisland — Sno-island = 2¢0 + ¢ + ¢ log TN <0, (F32)
33 C [ sin (ﬁ)
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where we used that in the Hartle-Hawking case Ag = ®/L and substituted spatial length of
the circle L with the argument of the Wigner distribution L = 27 L. For very large spatial
circles, corresponding to L >> [ we recover the results of [15] including the value of [ for which
the island starts dominating (eq. (F.2)) and strong subadditivity is violated. Of course also in
the connected case one finds the same paradox for large enough intervals. However, from this
calculation we see that in order for this island to ever appear there is a lower bound on L:

3P 6¢g g

L> Ly = —e ¢ (F.33)

Since in the wormhole the paradox is avoided, we just have to check that whenever this
problematic island can appear (i.e. L > L) the wormhole dominates. We will argue now
that this is the case in the approximations we are working in.

The comparison between the Wigner distribution of Hartle-Hawking and wormhole is
analogous to what we discussed in section 6.4, with the difference that the bra-ket wormhole
is further enhanced by the Casimir term:

Whraket , L2 ag01 drervvo=1. (F.34)

~

Wana ®2

Let us neglect the prefactors, which further suppress the disconnected solution for large

universes. The wormhole dominates for

L>L, =2~ _— (F.35)

Comparing with (F.33) we can see that the threshold for the problematic island to ever appear
is much larger than the critical size of the universe for which the wormhole dominates, i.e.

3D 6eg 6(]3() 4 1
L L., «— et e
prob > L c (& > ¢ 31 \/‘/27_1

which is guaranteed for any value of ¢g/c in the regime we are working in via the bounds

(F.36)

P
—_— <L . (F.37)
VZ_-1 c

G Wigner distribution

G.1 Phase space quantum mechanics

In this section we review the basic definitions of the phase space formulation of quantum
mechanics, see for example [84] for an extended review. Here we will focus on the Wigner-Weyl
representation and stick to a coordinate-momentum basis which is directly generalizable to
our cosmology minisuperspace system. As opposed to the standard Schrédinger picture it
allows us to consider quantities as functions of coordinates and momenta, instead of working
in one or the other basis. The formalism builds upon the standard operators in quantum
mechanics A, for which one defines the Wigner transform as follows

Alx - M> LR (G.1)

A
Aw (X, P) = /dm <X + :
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and the Wigner distribution, i.e. the Wigner transform of the density matrix as

W(X, P;t) :/dAa:p(X—f—A;U,X_ A;C‘t) gilpe

(G.2)

For several variables there is a straightforward generalization, which also allows to consider
“mixed” objects:

A A p.Az
W(X, P;yp, yklt) = /dAfBP <X + Tx,X - ;;yBayK|t) Sy (G.3)
If the state is a pure state p = [¢) (| then
A A pAs
W (X, P|t) = /dAx Wb (X + 7"” t) b (X - ;t) e (G.4)

Given the two elements above, one can write expectation values of operators A on a state
characterized by W(x,p) as

(A) = /dP dX W(X,P)Aw (X, P). (G.5)

It can be easily checked that this gives the usual Tr(ﬁfl) We can also derive an equation
for the time evolution of the Wigner distribution, by Wigner transforming the evolution
equation for the density matrix as one gets

W (X, Plt) = — {Hy ,W},, . (G.6)

Here {Aw, Bw},, is the Moyal bracket between the two Wigner transformed operators,
defined as

{Aw,Bw}, = —%AW sin <721A> By, (G.7)
and
o 0 o 9 (G.8)

T 9PIX 90X 0P’
where the arrows indicate what the derivatives act upon. The Moyal brackets reduce to
ordinary Poisson brackets in the semiclassical limit, and equation (G.6) reduces to the ordinary
Liouville equation for a classical phase space probability distribution:

ow 2 >’V >PW
5 K Pl = = {Hw Wiy = = {Hw, Wlpgison + 1 % IXOX,0%, 0P0PF, T

(G.9)

Up to O(h?) (or considering quadratic potentials) the above equation reduces to the classical
Liouville equation for a phase space distribution. This motivates us to look again at
equation (G.5), and notice that in the classical limit we can interpret W as a probability
distribution and Ay as the classical observable function of coordinate and momenta. However,
as it is not in general guaranteed that the Wigner distribution is positive definite, one must
be careful with this interpretation.
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(.2 Semiclassical features: harmonic oscillator

To see how the Wigner distribution behaves for semiclassical states we can take the simplest
example, the harmonic oscillator. We use units in which all the parameters of the harmonic
oscillator and A have unit value. The most direct point of contact with the classical phase
space distribution arises when considering a thermal state at inverse temperature 5. The
Wigner function can be computed using, for example, Euclidean path integrals. The density
matrix is the Euclidean propagator on a circle of length

1 (2% + 2%) cosh B — 2z

plxg,xpglt = —if) = N exp (—2 Sinh 5 ) . (G.10)

After properly normalizing the density matrix to Tr(p) = 1 and doing the Wigner trans-
form, we get

W(X, P|8) = 2 tanh (g) exp [~4 (P? 4+ X2) tanh(8/2)] (G.11)
For low temperatures it reduces to the Wigner distribution of the ground state [84]:
W (X, P|B — 00) = exp [— (P2 4 X2)} . (G.12)
Instead, for high temperatures we get
W(X,P|8 — 0) = Bexp {—’g (P2 n X2>} , (G.13)

which is the classical Boltzmann distribution of the harmonic oscillator. So that we see that
the Wigner distribution for a semiclassical state (high temperature) reduces to a classical
phase space distribution.

Moreover, for generic semiclassical states one can show using the WKB approximation
that the Wigner distribution is peaked at classical trajectories in phase space. The WKB
wave function has the form

U(z) = Oz, 1)@, (G.14)

Computing the Wigner distribution in the semiclassical limit, one gets (see for example [34])

98 (X, t)) |

ox (G.15)

WX, PIt) = O, 05 (P -

which is peaked at trajectories in phase space that satisfy the Hamilton-Jacobi equation

8S(X,t)
P == =0, (G.16)

Let us now see how we recover this in the simple example of the harmonic oscillator. We
quote an explicit example from reference [34], and then compare to our bra-ket wormhole
Wigner distribution. Consider again the simple harmonic oscillator. One can compute the
wave function depending on a parameter ¢ that labels the states

gz, t) = A(t)e BOZ* (G.17)
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with

sin(2 1/4
0= [ -
B(t) = sinh(2¢) — isin(2t) (G.19)

cosh(2¢) — cos(2t)

For ¢ — oo the wave function becomes the one of the ground state of the harmonic oscillator,
and the resulting Wigner function describes this ground state. For small ¢ (corresponding
to excited states) the Wigner function is

B 2sin?(t) 9,012
Which is peaked at
P = X cot?(t). (G.21)

This is a first integral of the equations of motion for the harmonic oscillator with momentum
P and position X, i.e. for a semiclassical system the Wigner distribution is peaked at classical
trajectories in phase space. In fact this is what we find for the Wigner distribution with the
inflaton, formula (4.18), as it features a peak in phase space within the approximation used.

Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.

References

[1] J.B. Hartle and S.W. Hawking, Wave Function of the Universe, Phys. Rev. D 28 (1983) 2960
[INSPIRE].

[2] A.H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems, Phys. Rev. D 23 (1981) 347 [inSPIRE].

[3] A.H. Guth and S.Y. Pi, Fluctuations in the New Inflationary Universe, Phys. Rev. Lett. 49
(1982) 1110 [NSPIRE].

[4] A. Vilenkin, Quantum Cosmology and the Initial State of the Universe, Phys. Rev. D 37 (1988)
888 [INSPIRE].

[5] J.J. Halliwell, J.B. Hartle and T. Hertog, What is the No-Boundary Wave Function of the
Universe?, Phys. Rev. D 99 (2019) 043526 [arXiv:1812.01760] INSPIRE].

[6] O. Janssen, Slow-roll approzimation in quantum cosmology, Class. Quant. Grav. 38 (2021)
095003 [arXiv:2009.06282] INSPIRE].

,51,


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.28.2960
https://inspirehep.net/literature/192909
https://doi.org/10.1103/PhysRevD.23.347
https://inspirehep.net/literature/154280
https://doi.org/10.1103/PhysRevLett.49.1110
https://doi.org/10.1103/PhysRevLett.49.1110
https://inspirehep.net/literature/182708
https://doi.org/10.1103/PhysRevD.37.888
https://doi.org/10.1103/PhysRevD.37.888
https://inspirehep.net/literature/22505
https://doi.org/10.1103/PhysRevD.99.043526
https://doi.org/10.48550/arXiv.1812.01760
https://inspirehep.net/literature/1707023
https://doi.org/10.1088/1361-6382/abe143
https://doi.org/10.1088/1361-6382/abe143
https://doi.org/10.48550/arXiv.2009.06282
https://inspirehep.net/literature/1817091

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[20]

[21]

[22]

[23]

[24]

J.-L. Lehners, Review of the no-boundary wave function, Phys. Rept. 1022 (2023) 1
[arXiv:2303.08802] [INSPIRE].

J. Maldacena, Comments on the no boundary wavefunction and slow roll inflation,
arXiv:2403.10510 [INSPIRE].

J.M. Maldacena, The large N limit of superconformal field theories and supergravity, Adv. Theor.
Math. Phys. 2 (1998) 231 [hep-th/9711200] [iNSPIRE].

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253
[hep-th/9802150] [INSPIRE].

G. Penington, Entanglement Wedge Reconstruction and the Information Paradox, JHEP 09
(2020) 002 [arXiv:1905.08255] INSPIRE].

A. Almheiri, N. Engelhardt, D. Marolf and H. Maxfield, The entropy of bulk quantum fields and
the entanglement wedge of an evaporating black hole, JHEP 12 (2019) 063 [arXiv:1905.08762]
[INSPIRE].

A. Almheiri et al., The entropy of Hawking radiation, Rev. Mod. Phys. 93 (2021) 035002
[arXiv:2006.06872] [INSPIRE].

G. Penington, S.H. Shenker, D. Stanford and Z. Yang, Replica wormholes and the black hole
interior, JHEP 03 (2022) 205 [arXiv:1911.11977] InSPIRE].

Y. Chen, V. Gorbenko and J. Maldacena, Bra-ket wormholes in gravitationally prepared states,
JHEP 02 (2021) 009 [arXiv:2007.16091] [INSPIRE].

D.N. Page, Density Matriz of the Universe, Phys. Rev. D 34 (1986) 2267 [INSPIRE].

A.O. Barvinsky and A.Y. Kamenshchik, Cosmological landscape from nothing: Some like it hot,
JCAP 09 (2006) 014 [hep-th/0605132] [INSPIRE].

A. Milekhin and A. Tajdini, Bra-ket wormholes and Casimir entropy, arXiv:2212.08246
[NSPIRE].

M. Mirbabayi, An observer’s measure of de Sitter entropy, JHEP 10 (2024) 077
[arXiv:2311.07724] [INSPIRE].

P. Saad, S.H. Shenker and D. Stanford, JT gravity as a matriz integral, arXiv:1903.11115
[INSPIRE].

A. Maloney and E. Witten, Averaging over Narain moduli space, JHEP 10 (2020) 187
[arXiv:2006.04855] [INSPIRE].

N. Afkhami-Jeddi, H. Cohn, T. Hartman and A. Tajdini, Free partition functions and an
averaged holographic duality, JHEP 01 (2021) 130 [arXiv:2006.04839] [INSPIRE].

L. Eberhardt, Summing over Geometries in String Theory, JHEP 05 (2021) 233
[arXiv:2102.12355] [INSPIRE].

J. Kames-King, A. Kanargias, B. Knighton and M. Usatyuk, The lion, the witch, and the
wormhole: ensemble averaging the symmetric product orbifold, JHEP 07 (2024) 236
[arXiv:2306.07321] [INSPIRE].

J. Maldacena and X.-L. Qi, Eternal traversable wormhole, arXiv:1804.00491 [INSPIRE].
R. Jackiw, Lower Dimensional Gravity, Nucl. Phys. B 252 (1985) 343 [INSPIRE].

C. Teitelboim, Gravitation and Hamiltonian Structure in Two Space-Time Dimensions, Phys.
Lett. B 126 (1983) 41 [NSPIRE].

— 52 —


https://doi.org/10.1016/j.physrep.2023.06.002
https://doi.org/10.48550/arXiv.2303.08802
https://inspirehep.net/literature/2642448
https://doi.org/10.48550/arXiv.2403.10510
https://inspirehep.net/literature/2769194
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.48550/arXiv.hep-th/9711200
https://inspirehep.net/literature/451647
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.48550/arXiv.hep-th/9802150
https://inspirehep.net/literature/467400
https://doi.org/10.1007/JHEP09(2020)002
https://doi.org/10.1007/JHEP09(2020)002
https://doi.org/10.48550/arXiv.1905.08255
https://inspirehep.net/literature/1735792
https://doi.org/10.1007/JHEP12(2019)063
https://doi.org/10.48550/arXiv.1905.08762
https://inspirehep.net/literature/1735823
https://doi.org/10.1103/RevModPhys.93.035002
https://doi.org/10.48550/arXiv.2006.06872
https://inspirehep.net/literature/1801017
https://doi.org/10.1007/JHEP03(2022)205
https://doi.org/10.48550/arXiv.1911.11977
https://inspirehep.net/literature/1767458
https://doi.org/10.1007/JHEP02(2021)009
https://doi.org/10.48550/arXiv.2007.16091
https://inspirehep.net/literature/1809725
https://doi.org/10.1103/PhysRevD.34.2267
https://inspirehep.net/literature/230422
https://doi.org/10.1088/1475-7516/2006/09/014
https://doi.org/10.48550/arXiv.hep-th/0605132
https://inspirehep.net/literature/716950
https://doi.org/10.48550/arXiv.2212.08246
https://inspirehep.net/literature/2615436
https://doi.org/10.1007/JHEP10(2024)077
https://doi.org/10.48550/arXiv.2311.07724
https://inspirehep.net/literature/2722357
https://doi.org/10.48550/arXiv.1903.11115
https://inspirehep.net/literature/1726905
https://doi.org/10.1007/JHEP10(2020)187
https://doi.org/10.48550/arXiv.2006.04855
https://inspirehep.net/literature/1800422
https://doi.org/10.1007/JHEP01(2021)130
https://doi.org/10.48550/arXiv.2006.04839
https://inspirehep.net/literature/1800406
https://doi.org/10.1007/JHEP05(2021)233
https://doi.org/10.48550/arXiv.2102.12355
https://inspirehep.net/literature/1848253
https://doi.org/10.1007/JHEP07(2024)236
https://doi.org/10.48550/arXiv.2306.07321
https://inspirehep.net/literature/2668381
https://doi.org/10.48550/arXiv.1804.00491
https://inspirehep.net/literature/1665582
https://doi.org/10.1016/0550-3213(85)90448-1
https://inspirehep.net/literature/204694
https://doi.org/10.1016/0370-2693(83)90012-6
https://doi.org/10.1016/0370-2693(83)90012-6
https://inspirehep.net/literature/194389

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[41]

[42]
[43]

[44]

[45]

[46]

A. Almbheiri and J. Polchinski, Models of AdSy backreaction and holography, JHEP 11 (2015) 014
[arXiv:1402.6334] [INSPIRE].

J. Engelséy, T.G. Mertens and H. Verlinde, An investigation of AdSs backreaction and
holography, JHEP 07 (2016) 139 [arXiv:1606.03438] [INSPIRE].

J. Maldacena, D. Stanford and Z. Yang, Conformal symmetry and its breaking in two
dimensional Nearly Anti-de-Sitter space, PTEP 2016 (2016) 12C104 [arXiv:1606.01857]
[INSPIRE].

J. Maldacena, G.J. Turiaci and Z. Yang, Two dimensional Nearly de Sitter gravity, JHEP 01
(2021) 139 [arXiv:1904.01911] INSPIRE].

J. Cotler, K. Jensen and A. Maloney, Low-dimensional de Sitter quantum gravity, JHEP 06
(2020) 048 [arXiv:1905.03780] [INSPIRE].

E.P. Wigner, On the quantum correction for thermodynamic equilibrium, Phys. Rev. 40 (1932)
749 [INSPIRE].

J.J. Halliwell, Correlations in the Wave Function of the Universe, Phys. Rev. D 36 (1987) 3626
[[NSPIRE].

P. Saad, S.H. Shenker and D. Stanford, A semiclassical ramp in SYK and in gravity,
arXiv:1806.06840 [INSPIRE].

J. Cotler and K. Jensen, A precision test of averaging in AdS/CFT, JHEP 11 (2022) 070
[arXiv:2205.12968] [INSPIRE].

Y. Chen, V. Ivo and J. Maldacena, Comments on the double cone wormhole, JHEP 04 (2024)
124 [arXiv:2310.11617] [NSPIRE].

A. Lewkowycz, J. Liu, E. Silverstein and G. Torroba, TT and EE, with implications for (A)dS
subregion encodings, JHEP 04 (2020) 152 [arXiv:1909.13808] [INSPIRE].

H. Lin and L. Susskind, Infinite Temperature’s Not So Hot, arXiv:2206.01083 [INSPIRE].

E. Witten, A background-independent algebra in quantum gravity, JHEP 03 (2024) 077
[arXiv:2308.03663] [INSPIRE].

A. Milekhin and J. Xu, On scrambling, tomperature and superdiffusion in de Sitter space,
arXiv:2403.13915 [INSPIRE].

E. Witten, A Note On Complex Spacetime Metrics, arXiv:2111.06514 [INSPIRE].

M. Kontsevich and G. Segal, Wick Rotation and the Positivity of Energy in Quantum Field
Theory, Quart. J. Math. Ozford Ser. 72 (2021) 673 [arXiv:2105.10161] [INSPIRE].

T. Hertog, O. Janssen and J. Karlsson, Kontsevich-Segal Criterion in the No-Boundary State
Constrains Inflation, Phys. Rev. Lett. 131 (2023) 191501 [arXiv:2305.15440] [INSPIRE].

T. Hertog, O. Janssen and J. Karlsson, Kontsevich-Segal criterion in the no-boundary state
constrains anisotropy, Phys. Rev. D 111 (2025) 046008 [arXiv:2408.02652] [INSPIRE].

J.-L. Lehners and J. Quintin, A small Universe, Phys. Lett. B 850 (2024) 138488
[arXiv:2309.03272] [NSPIRE].

O. Janssen, KSW criterion in large field models, Class. Quant. Grav. 41 (2024) 227001
[arXiv:2406.08422] [INSPIRE].

C. Jonas, J.-L. Lehners and J. Quintin, Uses of complex metrics in cosmology, JHEP 08 (2022)
284 [arXiv:2205.15332] [INSPIRE].

— 53 —


https://doi.org/10.1007/JHEP11(2015)014
https://doi.org/10.48550/arXiv.1402.6334
https://inspirehep.net/literature/1282634
https://doi.org/10.1007/JHEP07(2016)139
https://doi.org/10.48550/arXiv.1606.03438
https://inspirehep.net/literature/1468666
https://doi.org/10.1093/ptep/ptw124
https://doi.org/10.48550/arXiv.1606.01857
https://inspirehep.net/literature/1467447
https://doi.org/10.1007/JHEP01(2021)139
https://doi.org/10.1007/JHEP01(2021)139
https://doi.org/10.48550/arXiv.1904.01911
https://inspirehep.net/literature/1727959
https://doi.org/10.1007/JHEP06(2020)048
https://doi.org/10.1007/JHEP06(2020)048
https://doi.org/10.48550/arXiv.1905.03780
https://inspirehep.net/literature/1734045
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRev.40.749
https://inspirehep.net/literature/3198
https://doi.org/10.1103/PhysRevD.36.3626
https://inspirehep.net/literature/247483
https://doi.org/10.48550/arXiv.1806.06840
https://inspirehep.net/literature/1678263
https://doi.org/10.1007/JHEP11(2022)070
https://doi.org/10.48550/arXiv.2205.12968
https://inspirehep.net/literature/2087942
https://doi.org/10.1007/JHEP04(2024)124
https://doi.org/10.1007/JHEP04(2024)124
https://doi.org/10.48550/arXiv.2310.11617
https://inspirehep.net/literature/2712192
https://doi.org/10.1007/JHEP04(2020)152
https://doi.org/10.48550/arXiv.1909.13808
https://inspirehep.net/literature/1756803
https://doi.org/10.48550/arXiv.2206.01083
https://inspirehep.net/literature/2090834
https://doi.org/10.1007/JHEP03(2024)077
https://doi.org/10.48550/arXiv.2308.03663
https://inspirehep.net/literature/2686072
https://doi.org/10.48550/arXiv.2403.13915
https://inspirehep.net/literature/2770671
https://doi.org/10.48550/arXiv.2111.06514
https://inspirehep.net/literature/1967378
https://doi.org/10.1093/qmath/haab027
https://doi.org/10.48550/arXiv.2105.10161
https://inspirehep.net/literature/1864652
https://doi.org/10.1103/PhysRevLett.131.191501
https://doi.org/10.48550/arXiv.2305.15440
https://inspirehep.net/literature/2662588
https://doi.org/10.1103/PhysRevD.111.046008
https://doi.org/10.48550/arXiv.2408.02652
https://inspirehep.net/literature/2814508
https://doi.org/10.1016/j.physletb.2024.138488
https://doi.org/10.48550/arXiv.2309.03272
https://inspirehep.net/literature/2694403
https://doi.org/10.1088/1361-6382/ad805d
https://doi.org/10.48550/arXiv.2406.08422
https://inspirehep.net/literature/2797405
https://doi.org/10.1007/JHEP08(2022)284
https://doi.org/10.1007/JHEP08(2022)284
https://doi.org/10.48550/arXiv.2205.15332
https://inspirehep.net/literature/2089852

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

D. Stanford and E. Witten, Fermionic Localization of the Schwarzian Theory, JHEP 10 (2017)
008 [arXiv:1703.04612] [INSPIRE].

D. Anninos, D.M. Hofman and S. Vitouladitis, One-dimensional Quantum Gravity and the
Schwarzian theory, JHEP 03 (2022) 121 [arXiv:2112.03793] [INSPIRE].

J. Cotler and K. Jensen, Non-perturbative de Sitter Jackiw-Teitelboim gravity, JHEP 12 (2024)
016 [arXiv:2401.01925] [INSPIRE].

P. Saad, Late Time Correlation Functions, Baby Universes, and ETH in JT Gravity,
arXiv:1910.10311 [INSPIRE].

T.G. Mertens, G.J. Turiaci and H.L. Verlinde, Solving the Schwarzian via the Conformal
Bootstrap, JHEP 08 (2017) 136 [arXiv:1705.08408] [INSPIRE].

D.L. Jafferis, D.K. Kolchmeyer, B. Mukhametzhanov and J. Sonner, Jackiw-Teitelboim gravity
with matter, generalized eigenstate thermalization hypothesis, and random matrices, Phys. Rev.
D 108 (2023) 066015 [arXiv:2209.02131] [INSPIRE].

L.V. Qliesiu, J. Kruthoff, G.J. Turiaci and H. Verlinde, JT gravity at finite cutoff, SciPost Phys. 9
(2020) 023 [arXiv:2004.07242] [INSPIRE].

D. Stanford and Z. Yang, Finite-cutoff JT gravity and self-avoiding loops, arXiv:2004.08005
[INSPIRE].

J.S. Cotler et al., Black Holes and Random Matrices, JHEP 05 (2017) 118 [Erratum ibid. 09
(2018) 002] [arXiv:1611.04650] [INSPIRE].

K. Okuyama and K. Sakai, Multi-boundary correlators in JT gravity, JHEP 08 (2020) 126
[arXiv:2004.07555] [INSPIRE].

P. Saad, D. Stanford, Z. Yang and S. Yao, A convergent genus expansion for the plateau, JHEP
09 (2024) 033 [arXiv:2210.11565] [INSPIRE].

A. Altland et al., Quantum chaos in 2D gravity, SciPost Phys. 15 (2023) 064
[arXiv:2204.07583] [INSPIRE].

A. Blommaert, J. Kruthoff and S. Yao, An integrable road to a perturbative plateau, JHEP 04
(2023) 048 [arXiv:2208.13795] INSPIRE].

A. Blommaert, T.G. Mertens and J. Papalini, The dilaton gravity hologram of double-scaled SYK,
arXiv:2404.03535 [InSPIRE].

S. Collier, L. Eberhardt, B. Mithlmann and V.A. Rodriguez, The complex Liouville string,
arXiv:2409.17246 [INSPIRE].

D. Anninos, C. Baracco and B. Mihlmann, Remarks on 2D quantum cosmology, JCAP 10
(2024) 031 [arXiv:2406.15271] [INSPIRE].

S.E. Aguilar-Gutierrez et al., Azion-de Sitter wormholes, JHEP 11 (2023) 225
[arXiv:2306.13951] [INSPIRE].

S.E. Aguilar-Gutierrez, Entanglement and factorization in axion-de Sitter universes,
arXiv:2312.08368 [INSPIRE].

M. Cveti¢ and I. Papadimitriou, AdSs holographic dictionary, JHEP 12 (2016) 008 [Erratum
ibid. 01 (2017) 120] [arXiv:1608.07018] [INSPIRE].

A. Blommaert, T.G. Mertens and H. Verschelde, Figenbranes in Jackiw-Teitelboim gravity,
JHEP 02 (2021) 168 [arXiv:1911.11603] [INSPIRE].

— 54 —


https://doi.org/10.1007/JHEP10(2017)008
https://doi.org/10.1007/JHEP10(2017)008
https://doi.org/10.48550/arXiv.1703.04612
https://inspirehep.net/literature/1517533
https://doi.org/10.1007/JHEP03(2022)121
https://doi.org/10.48550/arXiv.2112.03793
https://inspirehep.net/literature/1985722
https://doi.org/10.1007/JHEP12(2024)016
https://doi.org/10.1007/JHEP12(2024)016
https://doi.org/10.48550/arXiv.2401.01925
https://inspirehep.net/literature/2743280
https://doi.org/10.48550/arXiv.1910.10311
https://inspirehep.net/literature/1760427
https://doi.org/10.1007/JHEP08(2017)136
https://doi.org/10.48550/arXiv.1705.08408
https://inspirehep.net/literature/1601018
https://doi.org/10.1103/PhysRevD.108.066015
https://doi.org/10.1103/PhysRevD.108.066015
https://doi.org/10.48550/arXiv.2209.02131
https://inspirehep.net/literature/2147160
https://doi.org/10.21468/SciPostPhys.9.2.023
https://doi.org/10.21468/SciPostPhys.9.2.023
https://doi.org/10.48550/arXiv.2004.07242
https://inspirehep.net/literature/1791505
https://doi.org/10.48550/arXiv.2004.08005
https://inspirehep.net/literature/1791661
https://doi.org/10.1007/JHEP05(2017)118
https://doi.org/10.48550/arXiv.1611.04650
https://inspirehep.net/literature/1498126
https://doi.org/10.1007/JHEP08(2020)126
https://doi.org/10.48550/arXiv.2004.07555
https://inspirehep.net/literature/1791530
https://doi.org/10.1007/JHEP09(2024)033
https://doi.org/10.1007/JHEP09(2024)033
https://doi.org/10.48550/arXiv.2210.11565
https://inspirehep.net/literature/2169090
https://doi.org/10.21468/SciPostPhys.15.2.064
https://doi.org/10.48550/arXiv.2204.07583
https://inspirehep.net/literature/2068164
https://doi.org/10.1007/JHEP04(2023)048
https://doi.org/10.1007/JHEP04(2023)048
https://doi.org/10.48550/arXiv.2208.13795
https://inspirehep.net/literature/2143698
https://doi.org/10.48550/arXiv.2404.03535
https://inspirehep.net/literature/2774120
https://doi.org/10.48550/arXiv.2409.17246
https://inspirehep.net/literature/2833841
https://doi.org/10.1088/1475-7516/2024/10/031
https://doi.org/10.1088/1475-7516/2024/10/031
https://doi.org/10.48550/arXiv.2406.15271
https://inspirehep.net/literature/2801261
https://doi.org/10.1007/JHEP11(2023)225
https://doi.org/10.48550/arXiv.2306.13951
https://inspirehep.net/literature/2671766
https://doi.org/10.48550/arXiv.2312.08368
https://inspirehep.net/literature/2736606
https://doi.org/10.1007/JHEP12(2016)008
https://doi.org/10.48550/arXiv.1608.07018
https://inspirehep.net/literature/1483183
https://doi.org/10.1007/JHEP02(2021)168
https://doi.org/10.48550/arXiv.1911.11603
https://inspirehep.net/literature/1767186

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

F. Ferrari, Gauge Theory Formulation of Hyperbolic Gravity, JHEP 03 (2021) 046
[arXiv:2011.02108] [INSPIRE].

A. Goel, L.V. Iliesiu, J. Kruthoff and Z. Yang, Classifying boundary conditions in JT gravity:
from energy-branes to a-branes, JHEP 04 (2021) 069 [arXiv:2010.12592] INSPIRE].

A. Alekseev and S.L. Shatashvili, Path Integral Quantization of the Coadjoint Orbits of the
Virasoro Group and 2D Gravity, Nucl. Phys. B 323 (1989) 719 [nSPIRE].

E. Witten, Coadjoint Orbits of the Virasoro Group, Commun. Math. Phys. 114 (1988) 1
[INSPIRE].

A.A. Kirillov, Orbits of the group of diffeomorphisms of a circle and local Lie superalgebras,
Funct. Anal. Appl. 15 (1981) 135.

J. Kames-King, E.M.H. Verheijden and E.P. Verlinde, No Page curves for the de Sitter horizon,
JHEP 03 (2022) 040 [arXiv:2108.09318] [iNSPIRE].

V. Narovlansky and H. Verlinde, Double-scaled SYK and de Sitter Holography,
arXiv:2310.16994 [INSPIRE].

H. Nariai, On Some Static Solutions of Einstein’s Gravitational Field Equations in a Spherically
Symmetric Case, Gen. Rel. Grav. 31 (1999) 951.

P.H. Ginsparg and M.J. Perry, Semiclassical Perdurance of de Sitter Space, Nucl. Phys. B 222
(1983) 245 [INSPIRE].

T. Hartman, Y. Jiang and E. Shaghoulian, Islands in cosmology, JHEP 11 (2020) 111
[arXiv:2008.01022] [INSPIRE].

V. Balasubramanian, A. Kar and T. Ugajin, Islands in de Sitter space, JHEP 02 (2021) 072
[arXiv:2008.05275] [INSPIRE].

H. Geng, Y. Nomura and H.-Y. Sun, Information paradox and its resolution in de Sitter
holography, Phys. Rev. D 103 (2021) 126004 [arXiv:2103.07477] [INSPIRE].

L. Aalsma and W. Sybesma, The Price of Curiosity: Information Recovery in de Sitter Space,
JHEP 05 (2021) 291 [arXiv:2104.00006] [INSPIRE].

P. Calabrese and J.L. Cardy, Entanglement entropy and quantum field theory, J. Stat. Mech.
0406 (2004) P06002 [hep-th/0405152] [INSPIRE].

J. Chakravarty, A. Maloney, K. Namjou and S.F. Ross, A new observable for holographic
cosmology, JHEP 10 (2024) 184 [arXiv:2407.04781] [INSPIRE].

A. Polkovnikov, Phase Space Representation of Quantum Dynamics, Annals Phys. 325 (2010)
1790 [arXiv:0905.3384] INSPIRE].

,55,


https://doi.org/10.1007/JHEP03(2021)046
https://doi.org/10.48550/arXiv.2011.02108
https://inspirehep.net/literature/1828162
https://doi.org/10.1007/JHEP04(2021)069
https://doi.org/10.48550/arXiv.2010.12592
https://inspirehep.net/literature/1826225
https://doi.org/10.1016/0550-3213(89)90130-2
https://inspirehep.net/literature/269469
https://doi.org/10.1007/BF01218287
https://inspirehep.net/literature/247289
https://doi.org/10.1007/bf01082289
https://doi.org/10.1007/JHEP03(2022)040
https://doi.org/10.48550/arXiv.2108.09318
https://inspirehep.net/literature/1909175
https://doi.org/10.48550/arXiv.2310.16994
https://inspirehep.net/literature/2714456
https://doi.org/10.1023/a:1026698508110
https://doi.org/10.1016/0550-3213(83)90636-3
https://doi.org/10.1016/0550-3213(83)90636-3
https://inspirehep.net/literature/181712
https://doi.org/10.1007/JHEP11(2020)111
https://doi.org/10.48550/arXiv.2008.01022
https://inspirehep.net/literature/1809910
https://doi.org/10.1007/JHEP02(2021)072
https://doi.org/10.48550/arXiv.2008.05275
https://inspirehep.net/literature/1811425
https://doi.org/10.1103/PhysRevD.103.126004
https://doi.org/10.48550/arXiv.2103.07477
https://inspirehep.net/literature/1851677
https://doi.org/10.1007/JHEP05(2021)291
https://doi.org/10.48550/arXiv.2104.00006
https://inspirehep.net/literature/1854976
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.48550/arXiv.hep-th/0405152
https://inspirehep.net/literature/650602
https://doi.org/10.1007/JHEP10(2024)184
https://doi.org/10.48550/arXiv.2407.04781
https://inspirehep.net/literature/2805745
https://doi.org/10.1016/j.aop.2010.02.006
https://doi.org/10.1016/j.aop.2010.02.006
https://doi.org/10.48550/arXiv.0905.3384
https://inspirehep.net/literature/820962

	Introduction
	Bra-ket wormholes and the Wigner distribution
	Bra-ket wormholes in pure gravity

	Addition of CFT matter
	Bra-ket wormholes and the inflaton
	One-loop determinant
	Probabilistic interpretation and observables
	Experience of an ``inflationary'' observer
	Momentum modes and power spectrum
	Classicality
	Comparison to Hartle-Hawking

	Temperature as time
	Conclusions
	Hartle-Hawking density matrix and its Wigner transform
	Gravitational actions and boundary conditions
	Schwarzian corrections
	Some details on inverse Wigner transforms
	Dimensional reduction from the four-dimensional geometry: restoring units
	Entanglement entropy
	Entropy on bra-ket wormholes
	Entropy on Hartle-Hawking: checking that the paradox never appears

	Wigner distribution
	Phase space quantum mechanics
	Semiclassical features: harmonic oscillator


