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ABSTRACT: We study the Hayward term describing corners in the boundary of the geom-
etry in the context of the Jackiw-Teitelboim gravity. These corners naturally arise in the
computation of Hartle-Hawking wave functionals and reduced density matrices, and give
origin to AdS spacetimes with conical defects.

This set up constitutes a lab to manifestly realize many aspects of the construction
recently proposed in [1]. In particular, it can be shown that the Hayward term is required
to reproduce the flat spectrum of Rényi entropies in the Fursaev’s derivation, and further-
more, the action with an extra Nambu-Goto term associated to the Dong’s cosmic brane
prescription appears naturally.

On the other hand, the conical defect coming from Hayward term contribution are
subtly different from the defects set as pointlike sources studied previously in the literature.
We study and analyze these quantitative differences in the path integral and compare the
results. Also study previous proposals on the superselection sectors, and by computing the
density operator we obtain the Shannon entropy and some novel results on the symmetry
group representations and edge modes. It also makes contact with the so-called defect
operator found in [2].

Lastly, we obtain the area operator as part of the gravitational modular Hamiltonian,
in agreement with the Jafferis-Lewkowycz-Maldacena-Suh proposal.
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Introduction

In recent years Jackiw-Teitelboim gravity [3, 4] has been a fruitful field of study to probe

many ideas related to information loss in Black Holes and realizing models where explicit

calculations are manageable. In particular it has been capable of describe the conjectured

Page curve for the BH entropy [5-8]. Many studies and models on entanglement entropy

as well as properties of the partitions functions have been exhaustively studied in this

context [2, 9-11], and the question of the holographic correspondence with a boundary

theory has also received a lot of attention [12-14]. Some original proposals can be put in

practice in JT that hopefully can be generalized to higher dimensions.
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Figure 1. (a) A standard situation where a Hayward boundary term must be considered. The
spacetime has a boundary with a non-smooth corner at I' = BN B. The Hayward term can be
expressed in terms of the internal angle m — /2 = cos™! (n - 7). (b) We consider an Euclidean
path integral Hartle-Hawking state |¥) projected into a non smooth basis characterized by a region
¥ =BUB.

Spacetimes whose boundary is not smooth and present corners require to add a Hay-
ward term in addition to the typical Gibbons-Hawking-York boundary term in order to
have a well posed variational problem in gravity [15]. If there is a codim-2 corner I, see
figure 1(a), that splits the boundary ¥ in two smooth components B and B with respective
normal vectors n and n, thus the standard gravitational action has an extra term given by

1
I4>% = %/F\Fy cos ! (n-n),

where v is the induced metric on I'. A study of the effects of such a term for d > 2 was
carried out in [1, 16]. Two dimensional JT gravity is a very convenient lab to test the
consequences of this idea, the area element shall be substituted by ®r, the Dilaton field
in a point I' following an implicit standard dimensional reduction scheme. Strictly, in JT
gravity the Hayward term takes the form

Id:2

1
H =g& cos™!(n-n) ®r.

Even though the Hartle-Hawking wave functional and (reduced) density matrix elements
are described by dominant geometries whose boundaries generically involve corners, sur-
prisingly enough, the Hayward term has still been very little studied in the JT literature.
Precisely one of the main goals of this manuscript is to probe, in the specific example of
JT gravity, the holographic prescriptions using this term to compute Rényi entropies and
modular flow [1, 16], in contrast with standard cosmic brane proposals [17-20].

In the context of the holographic duality, the entanglement entropy of ordinary QFT
in a subregion of the boundary is given by a quarter of the area of a minimal surface
embedded in the bulk spacetime [21], capturing the Bekenstein-Hawking law for the black
holes entropy [22, 23] as a particular case. This rule can also be generalized to a suitable
one-parameter extension of the von-Neumann entropy S, called refined Rényi entropies,



which is a quarter of the area of a cosmic brane minimally coupled with gravity with a
tension [17]

T, = ZTC; . (1.1)
However, viewing this prescription as an entirely holographic model, the cosmic brane plays
no natural role in the holographic duality. Thus, a derivation within a theory of pure gravity
becomes of interest to the holographic dictionary. In the original prescription [17] this can
be achieved coming from a saddle of a replicated boundary condition, and the cosmic brane
appears as an auxiliary object that effectively sources the correct dual geometry. Moreover,
this construction lacks a description at the level of states and the density matrix.

This issue was solved in [1] by observing that the Hartle-Hawking wave-functionals
generically contains codim-2 corner contributions in the form of Hayward terms for non-
smooth choices of the initial space slice, see figure 1(b). The geometry can be completed
to compute the saddle contributions to the partition function where a conical geometry
appears with the correct deficit angle predicted by the Dong’s recipe. It has also been
shown that such term can explain the Ryu-Takayanagi law [16].

One of the advantages of the present approach is that the density matrix captures this
information in the corner term (proportional to the codim-2 area), thus explaining that
the Jafferis-Lewkowycz-Maldacena-Suh (JLMS) [24] proposal for the gravitational modular
Hamiltonian explicitly contains the area operator [1]. As a result, we will compute the den-
sity operator and show this claim in the JT example. It is worth emphasizing here that the
cosmic brane model [17] is equivalent to the proposal based on the Hayward/corner term
at the level of the partition function, whose saddles are closed, periodic, Euclidean geome-
tries, but the last model furthermore provides the underlying description of the reduced
density matrix and modular Hamiltonian in gravity. Moreover this is better supported by
holographic arguments on the states and their matrix elements.

The gravitational representation of the states are the Hartle-Hawking wave-functionals,
described as Euclidean path integrals with specific conditions on the asymptotic boundaries,
complemented with initial conditions on an arbitrary spacelike (initial) surface ¥ that in
general, may include a corner described by a non-trivial Hayward term in the action whose
saddle geometry is depicted in figure 1(b). Then, by gluing two of these geometries on one
of the two sides corresponding to the complement of the entanglement wedge, we obtain a
Pacman geometry representing the gravitational (reduced) density matrix of a holographic
state, see figure 2(a).

We are going to focus our approach in these Pacman geometries, Mp, which are Eu-
clidean spacetimes with specific (possibly arbitrary) boundary data on its internal bound-
aries BT and whose action necessarily contains a Hayward term describing the corner
contribution in order to have a well posed problem under Dirichlet boundary data [15, 16].
An analogous study is highly non-trivial in higher dimensions due to the many dofs living
in the BT surfaces. We will find that the JT examples allow to properly define these dofs.

Moreover, Pacman geometries are precisely the geometries required to compute the
matrix elements of the reduced gravitational density matrix trough a path integral

(B*|p,|B™) ~ e TMPl | o~ TounlMp] o~lany[@Mp BH+CEF0a) 0 (1.9)



where ... represent subleading contributions to the path integral. The OMp denotes the
asymptotic boundary and the last term is the Hayward term due to the corner with opening
angle 6. In JT gravity a is given by the value of the Dilaton field ® at the point I". The
subindex in p, is schematic for the moment: it labels the irrep (superselection sector) of
the density matrix, that we will claim to be associated to I' and a(I") and which will be
properly introduced in the main body of the paper.

Finally, by taking the trace of this density matrix we can obtain an entirely gravita-
tional partition function with a conical defect described by the remaining Hayward term
contribution. Since the origin of this contribution lies in the boundary rather in the bulk
interior (as in approaches [25-28]), there are subtly but important differences in the nature
and description of the defect and in the computations. For instance, there are many radi-
cal implications on the computation of the Rényi entropies and derivations of the Dong’s
construction.

There is another paradigm that we are going to test in the present manuscript related
to the structure of sectors, or blocks, such that the density matrix can be represented in
the gravity side. In a supplementary proposal done in [1], subtly different to the notion
of fized area states proposed in [18], the idea is that each codim-2 surface I', whose area
is fixed, splits the space in two regions such that I' works as the entangling surface for
gravitational dofs. This will be discussed more deeply in section 2 and the consequences
of such statement will be tested through the paper. This will shed light on the splitting of
dofs under holographic mapping, the so called factorization map and the edge modes.

There are other aspects related to this discussion that arise when gravity is treated as
a gauge theory and in particular on the presence of edge modes because of the entangling
surface I' bounding the spacetime dofs [2, 9]. Edge modes can be understood as dofs
emerging from pure gauge ones as a bounding surface is imposed. In [16], the authors
also pointed out and studied the connection between the Hayward term and edge modes
in gravity, and we will go some steps further in this issue.

The paper is organized as follows. In section 2 we show how the holographic factoriza-
tion proposed in [1] works for this two dimensional example leading to the notion of fixed
area sectors and an interpretation of the RT formula that is directly related to edge modes.
In section 3 we will show explicitly how the Hayward term appears in JT gravity by varying
the action and looking for the boundary terms that contribute to it. We will also obtain
the on-shell solution to the system. In section 4 we study the partition function obtained
by taking the trace of the density matrix for the Pacman geometry. We make explicit the
similarities and differences with the previous results about JT gravity with defects. We also
obtained the spectral density. In section 5 and 6 we compute the Rényi and refined Rényi
entropy from the partition functions obtained before and give a derivation of the JLMS in
this context respectively. In section 7 we add a brief commentary on the edge modes by
writing an action that takes them in account and constructing the conjugate pairs and their
commutation relation. Finally we write a summary of results and conclusions in section 8.

List of achievements and results:

o Ideas and computations of the proposal of gravity with Hayward term of [1] were
tested for JT gravity.



o Supplementary suppositions of [1] in the JT lab on the holographic correspondence
between subsystems were investigated. In particular, the von Neumann decomposi-
tion of the bulk Hilbert space in superselection (SS) sectors, claimed to be labeled
by the entangling surfaces (a point in 2d) I'. These sectors are characterized by
observables as the areas ®r and we compare this point of view with the fixed area
states [18].

o In this sense, a relation between these SS sectors and representations as in ordinary
gauge theories are found as well as several remarks on the symmetry group and
its representations; and in particular on edge modes. We recover the result of [9]
using different arguments and propose a generalization of her formula in presence
of a conical defect, which indirectly implies that the symmetry/representations are
deformed in this case.

e The partition function for this theory of gravity with corner terms is evaluated, at
classical and quantum level.

o The density of states of an hypothetical dual random matrix model, Q(FE) is
computed.

e A novel formula for the Euclidean JT action is found as the conical geometry is
recovered by closing the Pacman manifold Mp. We argue that this is crucial to
compute Rényi entropies correctly.

o Well-established recipes [17, 29] to compute Rényi entropies are reproduced.
o The defect operator introduced in [2] is also reproduced.

o The modular Hamiltonian in JT gravity (+ corner terms) is computed and the JLMS
proposal is reproduced.

2 Bi-partite QM systems and holographic factorization

The area laws and the extremality of RT /HRT surfaces must arise from a suitable semiclas-
sical approximation of gravity as leading contributions; thus, the definition of spacetime
regions as the entanglement wedge associated to a subset of the boundary dofs is unclear
at quantum level. Moreover, the precise holographic correspondence between dof subsets
is yet unknown. The AdSy/CFT; version of holography can be auspicious to study this.

Since aAdS;11 has two asymptotic boundaries L, R, one can compute entanglement
quantities between both sides. They should be dual to a quantum mechanical system.
Based on the same arguments that [1], our prescription here is that the reduced density
matrix of the quantum system L (or R), has a block diagonal structure

p(L) =@ o(I). (2.1)
T

The physical interpretation of this expression is that given a fixed splitting of the QFT
degrees of freedom living on the boundary in two subsets AU A, then one should consider



a sum over all the possible splittings on the bulk dofs separated by a codim-2 (entangling)
surface I' such that OI' = 0A. A remarkable ingredient of this proposal is that one must
view each bulk-splitting as a different superselection (SS) sector or representation, and
consider the direct sum over them.

This resembles the von Neumann’s theorem, see e.g. appendix of [30]. Since the algebra
of operators in the quantum theory defined on the boundary can be assumed to be a von
Neumann algebra [31], then in the context of the gauge/gravity duality, both Hilbert spaces
can be equated upon a von Neumann decomposition of the bulk Hilbert space as [1, 32]

Ho@Hr= P Hp@Mj. (2.2)
Iy

So the reduced density matrix (2.1) results from taking the partial trace on Hp of the
global state, while in the bulk one must sum over all possible entangling surfaces.

Such a structure becomes more evident by considering a formal discretization of 3 in
a finite set of (in 141) points Xpr = {q1...qum}, so that the HH wave function has M
variables, and the state belongs to a finite dimensional Hilbert space dimH;; = M. In
principle, one could also add independent fields to live on this lattice, but we disregard
this possibility here to provide a minimal example. Consider a splitting taking place
at any of these points, say I' = ¢, the density matrix of the gravitational subsystem
B={qi...qx} C X, is a k X k matriz

p(T) = p(k) pas(k) a,b=1,...k.

This is nothing but a k-dimensional representation of the state p(L), where the prefactor
p(k) ~ e~c®@)/G ig a number interpreted as the probability of the representation that
shall be obtained within the gravity theory. Therefore, a complete description of the state
of this system shall be the direct sum of blocks

M-1
p(L) = D pro(k), (2.3)
k=1

which is the discrete version of (2.1).

The so-called factorization problem in JT gravity is closely related to this decompo-
sition and has already been discussed in detail [32], but this is not our goal here and it
remains for future research. For the most of applications studied in this work, we are
interested in the formula to compute the partition function (and the entropy) in the field
theory in terms of the theory of gravity, namely

Zom(L) = /F[DF] Z(l) = /\/gd%r Z(xr) Ir=BNB, (2.4)

where Zg (L) is the partition function of the Quantum Mechanics system on the L side
and Z(I') is the gravitational partition function corresponding to the SS sector I' taken to
be uniquely labeled by the tip position zp. This expression will be useful in our analysis, it
follows from eq. (2.1) by taking trace, summing over the I’-blocks. This expression for the



partition function can be interpreted as follows: the point I' in the bulk is undetermined
a priori, and so in principle, one should sum over all possibilities. The right hand side of
this expression was used in the paper [27] for perturbative analysis.

Note that the Hayward term is nothing but the Nambu-Goto action for the (pointlike)
embedding field zr : I' — M and the corresponding eom is the condition of minimum for
the Dilaton field ®r = ®(xr) [1]. This encodes the “cosmic brane” of the model [17] to
compute Rényi entropies.

SS sectors as representations and Edge modes. Gravity in 2d can be formulated
as a gauge theory. The gauge group in principle is SL(2,R), but for certain boundary
conditions that imply conical singularities (# # 27) this can be broken to a different
residual symmetry group [25, 26, 28|.

In gauge theories, the SS sectors are representations, and the labels are given by the
eigenvalues of the Casimir operators, so it can be expected that the area of the entangling
surface (®r) be an observable associated to a Casimir of the symmetry group [16, 33]. In
this sense, one of the achievements of the present approach is that the different SS sectors
are weighted by probabilities that depend on the value of the field ®r on each splitting
point I" as

(27—0)Pp (2m—6)Pp

=P Ne TN pyr(T) =P propsr(D), pr=Ne 5 . (25)
r I

where 6 is the opening angle on the corner of the geometry and N is a normalization
factor.! The following remarks are consequences of this result:

(a) The SS sectors of (2.1) correspond to representations of the symmetry group, so as
for ordinary gauge theories, and the label I" is determined by the Casimir operators.

(b) ®r are the eigenvalues of a Casimir operator that commutes with all the Algebra
generators.

Therefore by virtue of (b), we note that the weight prefactors are in the center of the
algebra, and one get a non trivial restriction to the gauge group (SL(2,R) or residual): it
has ®r as one of its Casimir operators. In particular this is a Casimir of SL(2,R) (e. g.
see [2, 33]) and the unitary representation are infinite dimensional [34]. It is worth pointing
out here the possible presence of edge modes encoded in the Hayward term.

Edge modes. The idea that in gravity the edge modes should be related to the corner
dynamics was pointed out first in [16]. In order to describe edge modes in a gauge formula-
tion of JT gravity, if the distribution pr is that given in are those of eq. (2.5), the density
matrix shall be given by

@ pr pyr(l ! (2.6)
dlm RF

(27 —6)®p
!The direct sum over T sectors is formal yet, so this factor should be N~ = f dI' u(T') e 376N where

1 is the number of entangling surfaces with area ®r.
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Figure 2. (a) A representation in the 2d plane of the computation of (¢™|p|¢~) is shown, where
p = Trg|¥)(¥|. The ¢* define the field configurations in the branches. (b) The geometry associated
to the partition function Z[I'] is shown. The computation is made by taking trace of the density
matrix p(T') within the I' SS sector. The original state |¥) is represented by the lower semi-disk
with a thicker line.

where the last factor describes the edge modes [2, 9, 16]. The goal here is to estimate the
dimensions of the representations Rr. The entanglement entropy in this case writes

S = Z —pr logpr + pr logdim Rp + ... . (2.7)
r

This computation involves Tr p associated to closing the Pacman into a geometry with
conical deficit angle o = 2w — 0. The first term of this is the Shannon entropy that can
be computed directly, the second one is related to the edge modes representations and ...
represent the terms associated to the average entropy of pyp, which is distillable [35, 36].
We shall concentrate in the terms that appear in this expression. Using (2.6) we have

0 —2m)d .
S = Z pr <(87TG]3/F + logdlme) +... (2.8)
r

On the other hand, the Ryu-Takayanagi formula for the (renormalized) entanglement
entropy states

_(@r) _ o
S—4G1;V:;pp(4G1;V>. (2.9)

Therefore, comparing this with (2.8) in the limit where the deficit angle of the conical
geometry vanishes, we obtain the relation among expectation values in the state (2.6)

(@r)

(2.10)



consistent with previous results obtained from analysis of the measure of SL(2,R) repre-
sentations [9].
This argument even suggests a stronger relation between the area/Dilaton eigenvalues
and the dimension of the individual representations
Pp

logdim Rp =~ e (2.11)
N

This expression would be quite interesting because one can plug this back into (2.6) and the
¢r

factor e*@~ cancels out with the same factor of pr, then the weights of the representations
—0 D

becomes monotonically decreasing with the area: pr ~ e3¢~ for all § > 0, as expected
by the Ryu-Takayanagi statement.

On the other hand, following [9] we have considered here the case of a disk geome-
try, however for suitable boundary conditions we can have saddle geometries with conical
singularity, which implies the generalization of (2.10) (or even more strongly (2.11))

(2ﬂ'+’a)®p

2.12
I7G N ( )

logdim Rr =

The derivation of (2.10) in [9] was based on the analysis of the Plancherel measure of

the infinite-dimensional representations of SL(2R). Although it can be expected that the
symmetry changes because of the defect, this result is an evidence for it and quantifies the
deformation of the measure of the reps (linear in «), or the symmetry group itself. Since in
some models « is interpreted as the tension of a cosmic brane [17], this formula should be
studied more in depth in higher dimensions and in connection with the cosmic brane dofs.

Fixed area sectors instead of “fixed area states” According to the construction
in [18], the partition function clearly interprets as the modulus of a fized area state: Z(I') =
(U, TP, T') for (nearly) eigenstates of the field ®r, promoted to be an operator. However
from our perspective [1], summarized above, to fix the entangling (codim-2 surface) point I'
in the bulk, corresponds to fixing the representation of the density matrix p(I') of (2.1): the
SS sector, and the interpretation of this partition function is the trace of one specific block

Z(T) = Tir p(I). (2.13)

Even though that these two points of view can be quantitatively equivalent in the current
JT theory, they are conceptually very different and the differences can drive to subtly
different constructions.

3 The Hayward term in JT gravity

In this section we highlight the main pieces of the argument leading to the necessity of a
Hayward term in the gravitational Dirichlet variational problem and compute its on shell
action. In higher dimensional scenarios, where one works directly with the Einstein-Hilbert
action, this problem has indeed been explored [1, 16], but we have not found this argument
for the JT action, which due to the Dilaton requires some extra work. Other authors [32]



have argued in favor of the presence of a similar contribution due to a topology argument,
but this does not extend to the dynamical piece of the action and ultimately hides the fact
that requiring a well posed variational Dirichlet problem is enough to completely fix the
action and that the Hayward term is as necessary as the Gibbons-Hawking codim-1 term.

3.1 Hayward term from a variational Dirichlet problem in gravity

We start from the JT bulk terms and we study it over the manifold M shown in fig-
ure 2(a) representing a density matrix computation. We can split the bulk contributions
in topological and dynamical as

IJT:IT—i—ID:(I)o/M \/§R+/M\/§<I> (R —2A). (3.1)

Here @ is the Dilaton field and ®¢ > 1 is a constant. Before moving on, a comment is due
regarding the internal angle notation 6. Notice that in figure 2 we have called the internal
angle 6 rather than 6/2 as in figure 1. This is because, in analogy with the TFD state’s
temperature [, we are taking the HH state to have internal angle /2 and the associated
density matrix (built by gluing two HH states along a subsystem) to have internal angle 6.
It should always be clear from the context which one is the correct angle to consider. This
comment is especially relevant in the light of the Hayward term explicitly breaking the
linearity of the EH action [1, 15, 16] that was an important piece of the argument in [17],
so one should always be aware of the object one is computing in our set-up.

Topological piece. By varying the Einstein-Hilbert action in 141 we get,

() = i v

Using standard relations,
1
0VG = —5V99u09™ OR = Ryu,69"" +V, (97701, — g7"oly,)
we get,
1 174
f = i
| vasR= [ aRube s [ a9, (T, - g7er,) (32
M M M
— | VaRwog" + [ Vi, (g75TL, — goT,)
M 0;B*
The bulk pieces provide the EH equations of motion, which in 1+1 is a geometrical identity
1
/ NG (RW ~ 'R g,w) Sg = / VIG g™ = 0.
M 2 M

This can be proven easily by reminding that Rf, , = R/2(69g,,, —0£9s,) is the most general

uov
Riemann tensor in 2d, thus by contracting one gets R, = % guv- We are now left with

the boundary terms

ovsTPe _ L OPSTV _ CUSTP L PSTW
/8 - Vi, (¢°V8Th, — 9778T},) /a ;Bi\/ﬁ (npg™ T8, — nPoTy,,) (3.3)

~10 -



where we have defined n,, the external normal vector to each surface. In particular, we will
also need to know the form of dn,. We define this vector via a scalar function Y(z*) =0
such that n, = C9,T normalized such that n? = +1. It is standard to consider a variation
such that the Y (2#) = 0 condition is unaffected by the variation. However, since the metric
itself is modified, so does the normalization C

—5—Cn 570__1””5043
_C Mo C_ 20&,59 I

ony

from where we see that dn, o< n, which we will use repeatedly below. The expression (3.3)
can be rewritten in terms of the variation of the normal vectors to each surface n* by using

3(Veny) = Veon, — (17,0, §(Vynt) =V ,on# + (6, )n” (3.4)
Considering the B term for concreteness, we get
/B Vh (npgayéfﬁg - n”(SI‘Zp) = /B Vh(V6n, — g7 8(Von,) — (Vunt)+V,on*) (3.5)
= / Vh(V,. (00" + g"on,) + (g7 )Von, — 20K)
B

where we used that the trace of the extrinsic curvature can be written as K = V;n". Now
this is pretty close to what we are after. We have identified the origin of the Hayward term
in the first term of the second line above. In order to use once again the Stokes theorem
on it, one should first relate V,, — D,, with D, being the covariant derivative compatible
with the induced metric on B. This can be done by extracting the derivatives parallel to n,

out = dn* + g on, = ny,dgh” + 29" dny, (3.6)
Vyout = Dyout — (nfVon,)ou' = Dydut — (nPVnu)n, 66"

where we have used that 6n, o< n, so that (n”V,n")dn, = 0. We thus get
/B vh (npg””éf‘ﬁa — np5FZp> = /B Vh(Duut 4 (V,n,, — nP(V n,)n,)dgh — 20K)
= / VhD,6ut + / VhEK,,dg" —2 / VhéK
B B B
= [t 0ul]ypp + / Vh(Ku — Khyu,)Sh* —§ (2 / fhK)
; B B
= [tu0u]ypp — 0 (2 / \/HK> :
’ B

where the last term is the standard Gibbons-Hawking-York (GHY) boundary term for
codim-1 boundaries in a manifold, in which the full K,, = V,n, —n?(V,n,)n, definition
was used. We put dg"” = §h*” when contracted with the extrinsic curvature and induced
metric since all other components vanish by definition.

In the 1+1 dimensional set-up, the GHY term vanishes identically. This can be seen
by considering that an extrinsic curvature in 141 is just a function and the induced metric
is one dimensional. Thus, the extrinsic curvature tensor being a symmetric tensor on its

- 11 -



indices must be of the form K, = Kh,,, regardless of the surface. We are left to explore
the object in the first term. In it, we defined t, as the vector tangential to B but normal
to its boundaries. The first realization of such an object is that by definition t#n, = 0,
and dn, o n,, so that using (3.6) one gets

tuout =t,n,og"" .

We thus find that the contribution we are after is related to the non diagonal element in
the metric decomposition in terms of the ¢ and n vectors. Furthermore, we find that this is
not a full variation of any quantity, i.e. this isolated contribution cannot be regarded as a
boundary term to the action. To do so, we must consider the similar contribution coming
from other boundaries. Take for example the contributions coming from both B* at I, see
figure 2(a)

(tuny — kupmy)ogh”.

These contributions require a definition of two basis of vectors {n,t} coming from B and
{m, k} coming from B. Being in Euclidean signature, these bases must be related via a
rotation. In particular,

mt = — cos On* + sin Ot* nt = — cos m* — sin Ok* —cos 0 = g"'n,m,,

from these relations one can put the I' contribution just in terms of the normal vectors as

1 cosf
(tuny — kuymy)ogh” = p—; (muny +numy) 66" + 0 (mumy, +nuny) 6g""
2
= Sinenum,,(Sg’“j + mg“”é(mynu) (3.7)
where we have used that dn, = —%nunyég’“’ ne. This can be seen to match the variation

of the 6 angle as defined via the normal n, m vectors,
—26(cos ) = 2sin 6 60 = 2n,m,dg"" + 2¢""5(n,my) .

One gets a similar contribution from all corners. We have finally proven that

5 (/ VIR + 2/ \/EK) — 200r + 2005 + 200,
M 0;B*

The codim-2 terms we got from the topological pieces (upon considering the complete
manifold M) are indeed full variations and can be removed via boundary terms. This is
interpreted as these corners not adding any extra dofs in an EH action in 141, i.e. the
action is still only topological. The action that provides a well posed problem on this
regard is

I+ 2(190(91" — 271') + 2<I)0(‘983+ — 7T/2) + 2@0(983— — 7T/2) (38)

where the 27 factor in (fp — 27) is fixed so that we do not have a Hayward term when
there is no deficit angle in the geometry corresponding to the density matrix. On the other
hand, since 055+ belong to a codim-2 corner that represents a timelike-spacelike corner in
real-time signature, their contributions are expected to vanish for Oyg+ = 7/2.
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Dynamical piece: the treatment on the dynamical piece of the action follows along the
lines of the topological piece but one should be careful with the extra terms appearing due
to the Dilaton. We start from

Tn :/M\/gqp (R —24)
whose variation is
SIp = /M\/g(szA) 5<I>+/M\/§<I>5(R—2A)+/M5(\/§) ® (R —2A).

The first term above will provide eoms for the metric that fix R = 2A even off shell, since
the Dilaton can be integrated out exactly in the path integral. The second and third terms
lead to

1
/M 5(y/3) ® (R—20) = / V3 ® (R~ 20)g" 64,0,
/ /G ®O6R = / V3 ® Ry0g™ + / VT ® T (V7 8gu — 6"°V u0gup)
M M M
where the second term should be manipulated as

O VH (VY69 — 9"V 16gu,)
=VH[o (VV(SQW - gypvuégup)] — (VFo) (VV(SQW - gupvudgup) .

Further manipulations on the second term above lead to the Dilaton eoms plus some
boundary terms,

/ Nz [—RW@ + VAV — g‘“’VQﬂ Sy

+ [ Vhn, V' B Shy, + / Vh du! D, .
0;B;B 0;B*

Recalling that in 141 we have R*” = R/2g"" = —g"” we get,
Guw [V @+ VITVR — gVR0| =20 VP =0 = (VAVY - g")@ =0.
Our main interest arises in the boundary terms rising from
[ VIV (T g Vs = [ V[ (T g 07T 800,
From our work on the topological term, this boundary contribution can be written as

[ VAT (700 = 979 ub01,)

= Vh ® D,but — 2 5 (VIK) + Vh ® (Khyy — K,u)6h*
a§Bi 8;B* 8;B*

- \/ﬁ@Duéu“—d(Q/ cIn/EK)+2 VREK 6%,
8;B* 8;B*

9;B*
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where recall that Kh,, = K, is a geometric identity in 14+1. The second and third terms
above can no longer be manipulated. The first term is the one that contains the codim-2
contributions, i.e.

Vh ® D,6u" = /a . Vh D,(® ut) — Vh dut D,® . (3.9)

0;B* 0;B*

The second term cancels a contribution that appeared earlier, whilst the first term finally
yields, again by virtue of our Ip piece analysis,

Vh D,(® dul) = 2 (Brobr + Byp+00sp+ + Pop-0055-) -

0;B*
We arrive at
6Ip+6 (2 \/EQ>K>
0;B*
:5(/ JIB(R — 2A) +2 JE@K)
M 0;B*
=2 VhEK §® (3.10)
9;B*
. Vh n,VH® hYP §h,, + 2 (Préfr + Pyp+60yp+ + Pop-00s5-) -
B

The first two terms mandate the possible boundary conditions to impose at each boundary,
either Dirichlet, dh,, = 6® = 0, or Neumann conditions, K = 0 and n,V#® = 0. The
last terms are not a full variation and are a signal of the existence of extra dofs at these
points. From a variational problem viewpoint, one should further impose either 40 = 0 or
® = 0 at the corners. Since we are interested in a Dirichlet problem éh,, = §® = 0, we see
that 6® = 0 for 9; BT in turn induces §® = 0 also on the corners. The natural dynamical
action for a Dirichlet problem on our Pacman geometry is thus

Io+2 ) Vh® K +2 (Or(0r — 21) + Pop(fon — 7/2) + Bo5(0,5 — 7/2))  (3.11)

which can be seen to be completely defined by 6h,, = §® = 0 including the corners.

Summary. We started from the JT bulk terms and explored manifolds with codim-2
corners in the geometry, i.e. Pacman manifolds. We showed that in order to define a well
posed Dirichlet problem from this metric one should consider Hayward terms. We thus
now define the action we will be working with, which is

Iyra = I+ Ip +2 _\/E(q>0+<1>)K—2/\/E<1>
0;B;B 0
— 2(@0 + @F)(er — 27‘(‘) — 2((1)0 + (I)aB+)(933+ — 7T/2)
—2(®0 + Pyp+)(0op- —7/2). (3.12)

Notice that an extra codim-1 term has been added which does not arise from our variational
problem. This term is required rather by demanding the on shell action to be finite via
holographic renormalization and it is only required at asymptotic boundaries [37].
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3.2 On-shell solution

Here we write the classical on shell action to the problem of JT gravity in presence of the
Hayward term. We start from action (3.12) and integrate out ® fixing R + 2 = 0. Notice
crucially that the Hayward term is a boundary term and as such it does not modify the
eoms outside of its boundary conditions. The spacetime then is fixed to be AdSs,

dr?

ds* = (r* — 1)dr* + 2T

0<r<0. (3.13)
Here 0 is the opening angle at the tip, the place where the conical defect will arise if one
completes the space with the point. For # = 27 there is no conical defect. By considering
the B* surfaces to be that of constant 7, one can see that all codim-1 terms in the action
involving these surfaces vanish. Even if one chooses different B* surfaces, these codim-1
contributions should cancel upon gluing in building the partition function, as we will do in
the section 4. For now, we will consider the former fixed 7 choice for simplicity.

The identification in the coordinate 7 breaks the SL(2,R) symmetry of the hyperbolic
plane and just a diagonal U(1) remains, see appendix F of [28]. To deal with the boundary
dofs we need to fix the boundary proper length, which will be done cutting a piece of AdS»
to a nearly AdSs space by using a regulator e, setting

U du
Ppqy = %6( )7 dsgdy = (3.14)

which implies that the proper length of the boundary is L = foﬁ ds = /e, where the time
on the boundary curve runs in v € [0,3). At the end one has to take ¢ — 0. Now, as
is usual in JT gravity we will label the boundary curve by some parameter u which has
the range 0 < u < . So, writing the line element (3.13) as function of u it can be seen
that the remaining action (to leading order in €) is the one of a Schwarzian theory plus the
Hayward contribution

Iy = _87T¢Cb;N /Oﬂ du Sch [tan T(;),u:| + 87T1GN(CI)O + (I)F)(Q — 27T), (3.15)
where we used a constant value ¢y(u) = ¢, on the boundary, see appendix A for the
derivation of the first term in this coordinate system. Notice also that the Hayward terms
arising from OB¥ are absent in the expression above. In appendix B we show via an ADM
study that a gauge fixing allows to disregard them in our analysis unlike the Hayward term
at I' that holds physical information.

The Schwarzian theory is an action for a scalar field 7 : S' — S! whose respective
circumferences are f3,60. Given that the (Euclidean time) variable u € [0, 5] parameterizes
the circle, the field configurations 7(u) are interpreted as different reparameterizations. As
boundary condition one shall demand that the periodicity u — u + 5 is mapped to the
new interval as 7(u + ) = 7(u) + 6, or in other words, the field 7(u) can be thought of as
a reparameterization map from a circle of length 5 to a circle of length 6. In cases where
B =2mn ,n € N we will call n a winding number. In JT gravity these solutions are not
stable [38] but their analysis will be useful when we study the replica trick.
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To proceed with the computation of the on-shell action we must say the functional
form of the time coordinate. We will study a dominant solution which solves the equation
of motion of the Schwarzian theory

0
T(u) = =u. 3.16
(W) =3 (3.16)
Then, performing the integration in u we arrive to
62 1
Iy = P + 7(@0 + (I)p)(g - 27‘(’). (317)

C167GN B | 871Gy

This of course can be re-written in terms of the deficit angle @ = 27 — 0 which resembles
the conical defect on-shell solution of [25-27].

4 Sources and JT geometries with conical defects

The goal of the current section is to highlight that there are at least two ways of producing
conical defects in JT gravity. The commonly used is by inserting pointlike sources in the
bulk as in [27]. In our approach they will appear because of the boundary contributions
due to wedge shaped geometries. In this section we will see a general analysis that capture
both possibilities, but the second one has some advantages to compute Rényi entropies
in holographic scenarios and to prove the JLMS proposal. In particular, we are going to
conclude that the solutions of both formulations are equal but the on-shell actions differ

by a contribution given precisely by the Hayward term.

4.1 Pointlike sources in the bulk

JT gravity is a consistent theory for the 2d spacetime geometry (M, g,,) as well as for
the Dilaton field ®(z). The bulk defects that have been more studied in the literature are
actually formulated as pointlike sources for the Dilaton, generally introduced through a
coupling term I, = 2 [, d*z a(z)®(x) in the action [25-27]. Therefore, the total action is
linear in ®(x) and the corresponding equation of motion constraining the geometry is

R(z) +2 = 2a(z) x € Int[M], (4.1)

which has to be supplemented with the condition for the Dilaton [V,V, — ¢, |®(z) = 0.
In particular, if we set a pointlike source a(z) = a 62(x — ) at the point zg € M, we will
obtain an equation with source for the geometry R + 2 = 2a 6%(z — x) whose solution is
a conifold with angular deficit given by 27 — 6 = «. This is the reason why we may refer
to this configuration as bulk defect.

In fact, the path integral of JT gravity, including a source term is, recovering the 167G

factors,

Zinléo.Bra) = [ D2y [Dg(a)lu
eﬁ S VIR@+2)(@) + g [y, vI@) @(@)dat gt [, \/ﬁ@(K_l)'

(4.2)

X
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Notice that we have ommited the topological term contribution containing ® for it plays no
fundamental role in the discussion. This theory agrees with the action proposed in [19, 20]
as alternative to the method of [17] to evaluate n-th refined Rényi entropy for « =1—1/n,
since it describes a self graviting “0-brane” object at xy with tension T, "Tfl The
field ®(x) can be exactly integrated out from the full path integral, resulting the off-shell
condition (4.1). Plugging this into (4.2) we obtain just an effective boundary theory

Zyrldo, 8,0] = [ (Dg(a)]asqaye TN Joae D, (13)

where the measure [Dg(x)]s must be substituted by a sum over geometries satisfying (4.1):
[Dg(z)]ara) = [Dg(x)]m 0(R + 2 — «). This partition function can be expressed as a
Schwarzian theory for a boundary dof, that can be exactly valued [25]

C\'? _qer—a?

ZJT[(baaﬁ:a] = (_ﬁ) e ¢ 4 ) (44)
where C' < 0 only depends on the boundary values ¢y, that according to (3.14) is given by
C=——2_.

167G N

We would like to end this section by stressing that these type of sources in the Euclidean
geometry, are hard of arguing by only using holographic ingredients if they are to come
from states built via a path integral. In our mind, the two dimensional Euclidean geometry
arises in the holographic context, because of computations involving states of the dual QFT
as the Hartle Hawking wave functional. So the type of pointlike sources described here are
hard of arguing in such contexts. This is our main motivation to propose the set up and
analysis below.

4.2 Defects from boundary corners and Hayward contribution

In this section we elaborate more on defects whose origin is a corner on the boundary, such
that the equation of motion is

R+2=0 Vz e Int[M]

in place of (4.1). We refer to as boundary defects or simply corners, and we will show differ-
ences with the description of the bulk ones, as well as implications on certain computations
such as Rényi entropies.

Remind from arguments of section 2 that the reduced state of the boundary quantum
mechanical system can be decomposed in a direct sum on different gravitational subsystems.
So the gravitational reduced density matrix associated to the “left” of the point zg (the
region B in figure 1(b)) in the bulk is

p(B,B) = Tryy [W)(¥| =" (b5 V) (¥]dp).
¢5

We are schematically considering a configuration basis ¢(B) = (h|p, ®|g) on the spacelike
interval B. Defining two arbitrary field configurations ¢= = ¢(B*) = ¢(£i/2)? on

2In particular in standard JT gravity discussed in the previous subsection, this propagator/path integral
involves only two entangled dof’s associated to the two asymptotic modes ¥ (zr,zr) € Hr ® Hr, thus, the
partial trace is: p(z},z}) = Trr Wt = f dxr 6(zr—YR) w(mz,xR)wT (yr,x7T). In section 7 we argue that
an edge mode associated to I appears as an extra dof.
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two copies (or branches) of the surface B, denoted as B*, which intersect in a point
I' = BT N B™, one can express its matrix elements as the product of euclidean evolution
operators [39, 40]3

(@ [p(B,0)|67) =D (#H|U (=iB3/2,0) o) (5| U (0,iB/2)) |¢7)
¢5

= (¢7|U (=iB/2,i8/2) |¢7), (4.5)

where we have used the completeness of the configuration basis Iz = [Dogloz)(P5| on
Hg. This is well defined as a path integral, and one can compute this in the large N
approximation:

(@ 10(B.0)lg) = [ _(DB(a)] [Dy(a)lerib0
¢i

~ ¢ Touik[$,Mp] e_Ibdy[‘ﬁi]"F%q)F ’ (4.6)
where, by virtue of the saddle point approximation, we evaluated the action in a classical
solution Mp = M~ U M+ smoothly glued on the surface B, whose boundaries are the
branches (curves) B~ and BT (see figure 2a). This saddle manifold is clearly a Pacman
geometry (Fig 2b) characterized by a corner with an opening angle #. In principle the
boundary data ¢* that label the matrix elements (so as the asymptotic value ¢y charac-
terizing the state), can backreact but the local metric is always AdSs.

Remarkably, in this context the point I' belongs to the boundary, and therefore, differ-
ently from (4.1), the saddle bulk geometry do not receive contributions from the Hayward
term and so we always have

R(z)+2=0, Vx € Mp (4.7)

The geometric counterpart (associated saddle) of Trp is gluing together the intervals BT,
so Mp becomes a conifold M with deficit angle 2m — 6, which implies that the integral of
curvature on M is distributionally consistent with the equation (4.1): [,, d®z\/g (R+2)® =
2(2m — 0)®(xp). The important consequence of this construction is that the corner of Mp
becomes the tip of the cone M (27 — 6), see figure 2.

In fact, defining the partition function as the trace of (4.6) by taking ¢t = ¢~ on
the (open) intervals B*, which one sums over, results the JT partition function with a
remaining Hayward term valued on I', which belongs to the boundary

Zitléo,B.ar) = [ IDB@)y, [D(a)las
o fMo VI(R(@)+2)0(2) + [} vgor (@) ®(@)de— gt [, VhR(K-1)
(4.8)

X e

where My = M —T', and
(2m —0)
81G

3The representation of the pure states in terms of evolution operators is convenient and more illuminating

ar(z) = d(z — ).

for the computations involving the replica method and was used in the past to compute the modular
Hamiltonian for excited states in holography [41].
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In other words, the (conical) geometries on which we should sum over, do not include
the tip point which must be considered as a part of the interior boundary. This partition
function comes from a pure state that in the Hartle-Hawking formalism, can be described
as a path integral of Euclidean JT gravity without any defect or source. But it emerges by
taking the trace of a state built from these wave functionals in the bulk theory.

Let us see that this subtle conceptual difference with bulk sources reviewed above have
important quantitative consequences, e.g. on the derivations of the holographic prescrip-
tions to compute the Rényi entropies, as well as many other aspects related to holography
and entanglement.

4.2.1 Fixed area sectors and gravity ensembles/partition functions

In JT gravity, the standard computation of the path integral on a disc with (or with-
out) source at zp (eq. (4.2)) involves a measure for the Dilaton that can be writen in a
factorized form

/ [D®(2)]ecrs = /_ :O[d@(xo)] / [D®(2)]sen, | Mo=M—{xo}. (4.9)

The last path integral factor denotes a sum over Dilaton configurations on the manifold
My. The same factorization of the measure can be formally expressed for the space of
2d-FEuclidean metrics. It is illuminating to consider the JT path integral fixing &1 a priori,
or integrating it out.

In the present context it is subtly different: the path integral (4.8) already supposes
O fixed from the beginning (i), but regarding (4.9), one can also consider the integration
of it (ii). Let us consider both possibilities in order to interpret and compare results in
different saddle geometries. We have these two cases:

(i) Fix the boundary data ®(z), and do not integrate it out. Because in JT gravity the
area of a codim-2 surface I" in JT gravity is given by ® (), by fixing this one obtains
a clear realization of the so-called fized area states [18] in the JT laboratory. We will
show that this gives place to the flat spectrum of the Rényi entropies.

(ii) Consider the full integration of this field expressed in (4.9). This realizes the integra-
tion on all the areas giving place to the Maldacena-Lewkowycz-Dong (MLD) smooth
geometries [17, 42] that will be useful to compute the refined Rényi entropies, which
will have a non-trivial spectrum.

Moreover, since the relation between both possibilities lies on integrating out ®(zg), or
not, in the partition function, the conjectured interpretation of both types of saddle as
different ensembles is automatically proved in the present JT context. In the following we
will study both cases in detail.

Analysis of (i). By fixing the value of the observable ®(zg), interpreted as the area in
JT gravity, the partition function (4.8) expresses the trace of fized area states p[®(x¢)]

Z[b9, 8,6, B(x0)] = Tro[®(a0)] (4.10)
:/[D(I)(z)]MO [Dg(x)]y, Cl0. ®(20)]
y eiﬁ fMo \/§<I>(R+2)fﬁfaM \/Eqﬁa(K*l)’ (4.11)
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where we see that the factor

(2m—0(=zg)) (zqg) _ 0(zq) 2(=0)

PO, ®(xg)] = e TGN 876N D[®(xp)] - (4.12)

Il
('b

captures the tip/corner local features and can be viewed by its own as a operator inserted
in a standard JT theory

Z[ba, 8,0, ®(x0)] = Tr (P[0, ®(x0)] pyT) -

It is worth emphasizing that we are making contact with the so called defect operator
proposed in [2] from totally different arguments. The referred defect operator consists of
the non additive part of this operator, and independent on 6

2(zg)

D[CI)(JJO)] — e 4CGpn = pP= D79/27r+1'

By integrating out the fields ®(x € Mp) in (4.10), we can eliminate the bulk contribution
and obtain the remarkable expression

(2n—0(xp)) ®(2q)
0 0 _ 8WéN faM \/E¢>3(K71).

260, 8.0,8@0)) = [ Dg@lasany ¢ "O% e (113)

The measure [Dg(z)],,, above became restricted to a sum over all the 2d geometries such
that R+ 2 = 0, Vx # o with a conical singularity at xo and deficit angle 27 — 6;
specifically, a sum over the AdS cones M (2w —#). The total action that results is local and
the Hayward term describes a local dof on the tip (In section 7 we shall revisit this point in
more detail), therefore, we can write the asymptotic term in terms of the reparametrization
mode which gives a Schwarzian action. By evaluating this in the dominant solution (3.16),
and computing the one loop contribution as usual [25], finally results

(27—0(zg)) P(zg) _ 1 _
Z160,8,0.9(@0)) = [ [Dg@laongy ¢ Ton e T S VEOED g 1)

_ ( b )1/2 . (2#—08(:2;’)]2,@(10) 6_0[%1% .
167G NS

Notice the contrast of this expression with the standard formula (4.4).

Analysis of (ii). In agreement with the standard measure of JT gravity (4.9), one can
integrate (4.8) over all values of ®(x(), and interpret this as summing over all the fixed

area states [18], giving place to a new partition function
+oo
Z(9.5,6)= [ d®(ao) Z[6a, 5.6, D(wo)] (4.15)
—00
which can be rewriten as

1 -1 5 (K —
2169.6,0 = [ [D®()]y, [Dg(@)]y, PIo) e 70 o VIPEED 75t oy Voo dD)

(4.16)
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where we have integrated first in ®(x(), and thus the local tip operator is (we take a Wick
rotation ® — i®)

Pl =

+o0 (2m—6(zp)) ®(xg)
/ dB(zo)e  SOn = 6 (2r — 0(x0)), (4.17)

—00

which projects the measure

[D® ()]s, [Dg(@)] 0, = [D2(2)] ar2n—0) [PI(@)] 01 (2m—0)

This shows that in the resulting gravitational path integral (4.16) we must sum over smooth
geometries (f = 27), giving place to a pure gravitational partition function without any
conical defect. So in this case, the saddle geometry is the disk. The partition function can
be valued similarly to (4.4) but using the constraint (4.17) to obtain

3/2 7 (@2m)?
ZJT[éa,B]Z(mjéNﬁ) e Ol 5 (4.18)

Note that as expected from the fact that the remaining geometry is a disk we have the
partition function obtained in [11].

4.2.2 Random matrix model and spectral density

The physical properties of JT gravity can be captured by a doubly scaling limit of random
matrix models [11]. So, from the analysis above it is now straightforward to compute
the spectral density, Q(E), for the hypothetical matrix model that is dual to the solution
with the Hayward term. It can be read from the expression for the partition function of
the theory

78] = /OOO dEQ(E) e P,

by taking an inverse Laplace transform. The results reported here holds in the limit when
®q is very large, otherwise higher genus topologies and non-perturbative corrections are
important. Because of this we will restore the contribution of the topological term along
this discussion.

The partition function is a modification of the one obtained for bulk defects in [25, 27].
Then, in our model we get (4.13)

P )1/2 v (Bo+Or)+ 73
78] — 7GR P~ src \POTEr)T 4G 4.19
18] (167@ 5) e , (4.19)

from which the spectral density can be obtained
27 (200 +Bp)—0(Po+Pp) A/ 0 E
Qo (E,0)=e e T cosh il .
AtV GE 2V G
This spectral density has the same dependence in energy dependence as the one obtained
for bulk defects.

Note that if we compute the density of states obtained from the partition func-
tion (4.16) after integration in ®(xg) (4.18) we recover the result for the disk [11]

QE) = i sinh ( mbbE) .

- 392G 5/2 G
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4.3 Classical solutions in JT gravity with/without conical defect

One of the main conclusions of the analysis above is that JT gravity formulated on Pac-
man geometries yields the same eoms (and solutions) than the standard analysis of JT
gravity with source term. Nevertheless their on-shell actions are subtly different and it
has consequences in some computations as we will see in forthcoming sections. In fact as
argued before, the eom R+ 2 = 0 on the interior of Mp(2m — ) becomes the distributional
equation

R+2=2271—0)i(x — x0),

as the Pacman closes and the base manifold becomes the conifold M with deficit 27 —6. The
most general classical solutions of this system can be written in Schwarschild coordinates as
ds® = ( 2—r8)d72+d7r2 O(r) =1y r>rg, T€I0,5]. (4.20)
r2 — 3’ ’ ’ ’
The metric (3.13) can be obtained from this one by a re-scaling of the coordinates r — %
and 7 — 7rg, and the periods are related by 8 = frg. We choose this period to be
coincident with the circumference of the boundary (eq. (3.16)).
Notice that 0, is a Killing vector and the horizon is on r = rg. A particular solution is
completely determined by three constants/data: BC' = (¢p,70,3). Near the horizon, this
geometry can be mapped to an ordinary cone with metric*

ds? = p*dr* + dp? O(r)=gp\/p>+1, 1>p>0, 7€[0,100], (4.21)

implying that the period near the tip/horizon is given by
0 =ryp. (4.22)

This is the reason why 6 is the so-called opening angle, and o« = 27 — 6 is the deficit angle.
Therefore, the cone is a disk without conical singularity iff & = 27. The presence of a conical
defect in JT gravity is intimately related to the possibility of giving arbitrarily the value of
the field in two places e.g. on the asymptotic boundary ¢, and on the horizon 1 = ®(zg),
the point where there is a conical singularity. This is what could be interpreted as an extra
dof at the horizon (edge), apart from the boundary mode.

In fact, since @ = ro¢y, then the parameter rg in the solution can be written

P
ro = —, (4.23)
P
4By doing a new redefinition of the radial coordinate p? = r? — 1 we get the solution
d 2
ds® = p*dr* + pgil d(p)=rodp\/p>+1  p>0 TE[0,0=rof.

and for p = 0 (r = 1) the metric approaches
ds®> = p’dr® + dp® D(p) = 0 s p>0 T€[0,0=r0f].

which proves that there is no conical singularity iff (= ro3) = 2.
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and the solution (4.20) can be completely determined from the data: BC* = (¢, Pr, ),
which are the arguments of the partition function (4.10).

So, the opening/deficit angles of the geometry result dynamically determined by
these data®

_%r 9. 2r
=50 a=2m- . (4.24)

This shows that the JT case is consistent with the analysis of the canonical variables in

6

gravity with Hayward term in arbitrary dimensions [16], since given ®r(/area) one obtains
a/60 dynamically and vice-versa, because they are canonically conjugate variables.

According to the analysis of the previous section, one can integrate out the number
®r in the Path integral (4.16), and then results the constraint o = 0 which implies that
the saddle manifold is a disk without conical singularity. In that case is very well known
that the solution is given just by giving two parameters/data: (¢, ). In that case a =0
(0 = 27), and then using (4.22) and (4.23)

2T

ro = 27T/ﬁ = dp = F(ﬁb 5 (4.25)

and the metric is

o (2 (2N g2 At _ 2
ds —(1" (5>>d7 +7«2_(2”)27 D(r) = royp, r > 5 T€1[0,8].
B
(4.26)

Here it is worth add a note on the relation between the cases discussed in (i), (ii) and the
point of view explained in section 2. In general

Op = min{®(z) = € M}, (4.27)

is a condition extra satisfied by the classical solution ®r = ®(xg), this could be obtained
as an extra eom by considering an alternative definition to the gran ensemble (4.15) as

z= [ ValdelzZBCT) = [ Valdarletr $ om0 (4.28)
M M

where a priori, the embedding xr : I' — M is also considered an independent variable in
the partition function. Then if the deficit is positive, the leading contribution to this path
integral is giving by (4.27), whose solution is ar = x (i.e, the minimum of the Dilaton
occurs for the position of the tip xg of the spacetime).

This formulation coincides with our original proposal [1] and the arguments of section 2,
and moreover, it is necessary to recover the Dong’s recipe to compute Rényi entropies.
This can be interpreted as a Nambu Goto theory for the (pointlike) “cosmic brane” on a
2d backreacted spacetime. Furthermore, the perturbative analysis of [27] remarkably leads
to a path integral with the same integration measure. It would be interesting to perform
the same analysis with the new Hayward term in future studies.

__9log Z[BC*]

5In path integral language, “dynamically” means that (a) = I

gives (4.24) as one uses the
saddle point approximation.
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The reader can verify that this formulation is subtly equivalent to (ii) to recover the
(smooth) gravitational path integral, since using the classical relation between 6 and ®r
the correct saddle point of (4.28) requires § = 27 as (4.17). This point shall be developed
in more detail in a future work.

5 The replica trick in JT gravity with a Hayward term

The computation of the Rényi entropy S;,, and Refined Rényi entropy S,, require to compute
the partition function associated to n powers of the density matrix p,

Zn(B) = Trp". (5.1)

Then, the analytical extension of this to real values of n around n = 1 allows to take the
limit n — 1 and compute the von Neumann entropy. Moreover, as has been noticed in [1],
if such analytical extension can be done to purely imaginary values n — is we obtain the
modular flow, and one can directly compute its generator: the modular Hamiltonian. This
will be the subject of the next section.

We are interested first in reproduce the holographic computation of both spectra 5, S,
in two set-ups: Fursaev and MLD scenarios in order to understand the replica procedure
in 2d gravity. In doing this we will show that both constructions are in conflict with the
traditional way of considering defects in JT gravity and these problems can be cured with
a Hayward term.

The replica technique consists in consecutively gluing n equal boundaries intervals
[0, 5], and then the trace operation of (5.1) corresponds to identify the extremes of the
interval such that the boundary of the geometry is a circle S of circumference nf. The
question is how in different scenarios the opening angle 6 depends on n, giving place to
different Rényi spectrum. For instance the Fursaev set up [29] is characterized by conifolds
whose opening angle spectrum is 6(n) = 27n, such that for n = 1 the corresponding
geometry is the disc (6(1) = 27), while the MLD family is #(n) = 27, Vn (the replicated
geometry M,, is smooth).

The von Neumann entropy measures the entanglement of a physical system in a given
state and for a specific subset of degrees of freedom. The celebrated Ryu-Takayanagi
(RT) [21] formula is a powerful tool to compute it in quantum field theory in the context
of the gauge/gravity correspondence. This generalizes the Bekenstein-Hawking law for
the thermodynamic entropy of Black Holes [22, 23] and tell us that the entanglement
entropy is given by a quarter of the area of the minimal surface embedded in the dual
higher dimensional spacetime with gravity. Since its discovery evidence of its validity had
been collected (see [43] for a review), and it was finally been derived by computing the
gravitational entropy with different replica methods [29, 42].

The Rényi entropies are a generalization of the von Neumann entropy labeled by an

integer n,
1

—n

Sy = | log Trp", (5.2)

such that the standard von Neumann entropy S = —Trplogp is recovered in the limit
n — 1. There is an alternative family of measures of entanglement entropy related to the
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Rényi entropies (called refined or modular Rényi entropies [44]), given by

A

1
S, = —n20, (n log Trpn> = (1 — ndy,) log Trp", (5.3)

that also coincides with the von Neumann entropy as n — 1. This entropy is specially
easy to interpret in terms of thermodynamics [45], in fact, the last equality of (5.3) is
the definition of the thermodynamic entropy in the canonical ensemble, but valued on the
inverse temperature § = 27n.

A similar area-law prescription for these entropies has been provided [17], but in this
case the extremal surface interacts with the background spacetime through a tension that
depends on the replica index in a specific way

n—1

T, = . 4
dnGn (5:4)

As we explained in the previous section the formula obtained for the effective action (free
energy) has an additional term w.r.t. the traditional computation that comes from the
corner in the Pacman geometry

by 02 2r — 0

+ (®g + ®r). (5.5)

IM (2 —0)) = - 167G3 | 8xG

Here we will check that this is the right formula to recover known results for the Rényi
entropies.

5.1 Rényi entropies
5.1.1 Fixed area sectors, Fursaev saddle and flat spectrum

In our approach these three concepts are related in the same scenario that we are going to
describe. We call the Fursaev set up to solutions to BCs: (¢, ®r), where the condition on
®r is nothing but fixing the area sector, and the circumference of the replicated boundary
is B, = np. So (¢, Pr) are fixed and independent of this replica number, then using that
ro = ®r/¢p is independent on f, then it is also independent on n. Thus the Fursaev’s
geometries F;,, are the saddle point configuration with these BCs, which are conifolds with
opening/deficit angle dynamically determined by these data,

_%r

0
®p

nfp,

and metric (with Dilaton)

ds? — (1"2 _ <¢’F)2) dr? + T%, O(r)=rey, > (Z) , T €1[0,n5], (5.6)

where the radial coordinate is bounded by the position of the entanglement surface/defect

r .
rg = — = independent on n .

®p
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Then substituting 6,, = rofn, 1o = 0y in the metric and demanding that for n = 1
there is no conical singularity, we have that rof8 = %ﬁ = 27, therefore we have that (in
the Fursaev set up) the opening angle on the tip is § = 27n. By taking the quotient of
the geometry (4.26) notice that in this case the fundamental domain is the solution for
n = 1: Fy = F,/Z,. In other words, the solution (4.26) are n consecutive copies of the
same manifold glued consecutively. The replicated solution F,, ,n > 1 is singular at the
tip I, and by evaluation of the on-shell action (5.5) reads

2w(1 —n)

1[F:] = C (2mn +

(®o + P(z0)), 0 = 2mn, rn = 1. (5.7)

Therefore, it is easier to compute first the refined Rényi entropy

5 Do+ Pr
Sn= "1

This is the so called flat spectrum. The remarkable observation here is that the formula for
the action (5.5) in fact requires the second (Hayward) term to obtain the correct result.

5.1.2 Smooth solutions, MLD saddle/spectrum and the Dong prescription

Once more, here we are going to show many results that only agree with the previous
literature if we take into account the last Hayward term in the action (5.5) which in the
standard computations is absent. In particular we shall verify that the Dong’s prescrip-
tion [17] works correctly in JT gravity® with the ingredient of solving the Nambu-Goto
action coming from the Hayward tip term. We will begin describing the replica trick in
the MLD approach.

We define the MLD boundary conditions to fixing ¢, on [0, 5], repeated n times on
the respective copies of the boundary, and the circumference of the replicated boundary is
B(n) = np. Notice that in this case one does not fix the area sector by giving ®p, but it
shall be fixed dynamically. As we explained before (section 4), these conditions imply that
the JT path integral Z(¢y, 3) is given by (4.18), corresponding to an ensemble where one
sums over ®r.” Then the saddle point approximation implies to minimize with respect to
(the JT area) ®r, in agreement with the Ryu-Takayanagi-Dong prescription. This imposes
a constraint of smoothness o = 0 on the saddle geometries M,, expressed by

0 =21 Vn &= B(n)ro(n) = 2x (5.8)

Thus, we obtain the positions of the extremal point I' and the corresponding MLD spec-
trum [1, 17, 18]

2 iiJ 2
:izl = ¢b Tr:q)p.
nB o n 3

5To our knowledge, this has not been verified in its original form for the JT case. However, other similar

ro(n)

formulations that add explict cosmic “brane” term have been recently probed in the context of replica
wormbholes [19].

7 Alternatively, one could fix the deficit angle, that in the “cosmic brane” set up is nothing but fixing
the tension.
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and the geometry of M, is described by the metric

ds? = (7“2 - (27T>2> dr® + 2d7’2)2’ O(r) =rdp, > (27r) , Te[0,nf].
T

nf3 _ (24 np
np
(5.9)
The on-shell action is )
(2m)=C

IM,] = — . 5.10
M) = -2 (510)

According to the definition of replicas and the semi-classical approximation we have
I[M,] ~ log Trp" (5.11)

then using (5.2) we obtain a wrong result

1 (2m)%C

Snzl—n np

The reason is that the direct calculus of S,, involves infinities that, with a suitable regu-
larization cancel out, and one can obtain the correct result. However, one can achieve this
if computes first the refined Rényi entropy

(5.12)

& = 2 ((2@20) _22m)°C _202n)* ¢y _ Pr(n)

n2p nf  nB 160Gy  4Gn '’
where in the last equality we have used that the Dilaton at the horizon is: ®r(n) = QZ—%’”
From this expression, the Rényi entropies can be obtained by integrating the identity

N -1
S =n2a, (" sn) , (5.13)
n
and the result is 5 )
p TN+
= —— .14
4GB n (5.14)

Nevertheless we have not even used the Dong prescription. This is an interesting point for
analysis.

By taking the quotient of the geometry (5.9) we obtain the fundamental domain M, =
M,/ Z,, whose boundary is Sé, and the metric (4 Dilaton) of this space is the same as (5.9)
but on the range of coordinates

27
> — e|0 5.15
> (25). relo.p) (5.15)
while the opening angle now is 6 = ro(n) B = 5—% b= 27”, and according to our general
expression (5.5) the on-shell action is
- (27)? 2r n—1 2
I[M,] = g+ D = —. 1
[ n] C n2ﬁ + 87TG ( 0 + (.TO)) ) To(n) nﬂ (5 6)
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Then, the solution (5.9) is given by n copies of M, glued consecutively. Comparing
with (5.10), the first term of traditional JT gravity is additive and satisfies

A~

IJT[Mn] = nIJT [Mn]

Equation (5.16) is the JT action of gravity plus (coupled to) a Nambu-Goto term describing
a cosmic brane with tension 7" = % as the model [17]. Remarkably we have derived it
from a Hayward term present in the original Pacman geometry.

As an aside, note that the capacity of entanglement (a quantum information quantity

analogous to the heat capacity in thermodynamics) can be written as
C = 0 (log Trp") |n=1 = (K)j — (K?)n,

where K is the modular Hamiltonian and the expectation value is taken w.r.t. the state
pn = p". So, the capacity of entanglement measures quantum fluctuations of the modular
Hamiltonian. In [46] was claimed (for the vacuum state) that (K?) — (K)? = %i) (Xisa
Rindler horizon) for any strongly coupled CFT with a large N gravitational dual that is
described by the Einstein action. Here note that using (5.14) the capacity gives C' = %%,

which using (4.25) gives C = f—g and is in agreement with the expectation of [46].

6 Replica symmetry, the modular flow and area operator

In this section we will evaluate the modular flow (and the modular Hamiltonian) from the
computation of the n—th power of the density matrix, p”. We shall use a path integral
expression for the matrix elements of the bulk representations of this state, that obviously
involves Hayward term associated to the n-dependent opening angle §(n), and as a result,
we’ll obtain the area operator [47, 48] as part of the modular Hamiltonian, in agreement
with the JLMS conjecture [24].

Recalling our prescription (2.1) for the left (reduced) density matrix, the n power of
it preserve the SS sectors structure

P =@ p(n,T) ~ @ d(r) e KD (6.1)
r T

The left hand side of this expression stands for the boundary quantum theory, while the
right hand side refers to the density matrix in (JT) gravity. Since each sector is labeled by
the position of the entangling point zr, and since the Dilaton is considered an observable
(see section 2), they can also be labeled by ®r and referred to as fixed area sectors. So
these density matrix elements are functionals: p[®r,¢*] = (¢ |p(T')|¢~). In the mindset
of section 4, the suitable path integral expression for each block of (2.5) is

(2r—06(n)) I

(6o, D7) = | D®(x)],,, [Dyla)]yy, o 50n

(®(B%),9(B*))=¢*

s o1 Jup VIRRED s [y, Vido(K-1). (6.2)
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where ¢+ denotes the Dirichlet boundary conditions on geodesics B*. This is the reason
why the GHY terms associated to B¥ vanish. For simplicity we assume that ® is at least
Co (continuous) on the total boundary OMp, then ®r = lim,_,. d*(r) = dp, x € BT
As argued in section 5, the saddle geometry is Mp(1) = M~ U M™ smoothly glued on the
shared surface B, whose boundaries are the branches (curves) B~ and Bt with an opening
angle 0(1). As we consider n (consecutively) replicated boundaries, the euclidean geometry
is a new Pacman Mp(n) characterized by a corner with an opening angle 6(n).
Now, integrating out the Dilaton in (6.2), results

@r=6(n) (zq) g—t— | Vhoa(K—1)
e re—— T e oMY (n g
[Dg(ff)]MP(n) € STON e TON ToMpn) )

(6.3)
where M%(n) is locally AdS,. For geodesic boundaries B¥: K = 0, one can define h™(r) =
h(r,£7), whose proper length is

(6" (. Do) = |

(®(B*).9(B*))=¢*

ds% = hE(r)dr? | 0<7<f=7"—-7"

With a suitable redefinition of the timelike coordinate 7 the metric in the Pacman saddle
geometry Mg is

dr?

d2: 2_1d2
sp=(r )T+T2_1,

1<r<oo 0<T<O=r0p. (6.4)

Let us highlight that this is not periodic and does not have any conical singularity. Just
upon taking trace of the state the to compute the partition function, the Pacman mouth
closes by gluing B*, and the geometry turns out to be a (periodic) cone: M (27 — 6(n)).

Therefore, in the same way that has been argued in the section 5 in the case that the
splitting point of the geometry I' (i.e, the SS sector) is fixed, we must have r(I') = rg =
fixed, then 8 = r¢o8n = 27n, and we finally have

(27 —27n) ®(zq)

Dgla)] o € FOn o FON Sorrpy Vida(E=1)
MP

(.l = |
(®(B%),9(B*))=¢*
(27 —27n)®(zq)

= (¢Fle TN php(D)]o7),
where we have used that

! Vhes(K —1) =

8GN JoMp(n) " 887Gy Jore(r)

n

Vhos(K —1) .
Finally, following [1] the formula for the generator of the modular flow U(s) is

U(i2mn) = — lim p(—n) 9p(n)

n—0 on n—0 on ’

K =— lim U(—i2mn) 0

(6.5)

(2w —27n)dp
for each area fixed sector I'. Clearly, because of the factor e 3¢~ in (6.3) the dominant

sector (for arbitrary number of replicas n > 1) is for the minimum of the function ®r in
the dominant AdS geometry. Upon quantization, the Dilaton field has to be promoted to
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an operator, and the result of this calculus is the modular Hamiltonian associated to the
(say) left QM system

A

4Gy

where Hjyr is nothing but the (left-side) boundary mode Hamiltonian computed in the liter-

K(L) + 2 Hyp(L), (6.6)

ature on JT gravity [2, 49], and we shall evaluate the matrix elements using the Schwarzian
theory. The important conclusion of this part is that, since dr is the area operator on JT
gravity, this shows the JLMS proposal in the JT context. Roughly speaking, the interpreta-
tion of the formula (6.5) is that the replica symmetry is nothing but a restriction (to integer
numbers) of the continuous symmetry generated by the modular flow U(s) = p* [1].

The derivation above is a computation at level of operators and one could test it
by computing some related quantity directly. For instance, the expectation value of the
modular Hamiltonian under replicas, and/or standard inequalities of information theories.
Taking 8 = 27 we have

2mr)? 1-—
log Zy, = log Tr p" = I[M,] = C (2m)7n IR (6.7)
I6; P 4G
Then, by taking derivative with respect to n
0 1 0 1 0 1 1
—logZy,=— —Z,=—Tr—p"'=—"Trl "= ——T = —
gn 080 = 55 e = - Trgpt = 2= Trlog pp Z rKCp (Kn,
the result is
Pp r
(K)p, (2m)C + e ™ L+4G

Which shows that the operator I contains the areas operator as a term, in agreement
with the result (6.6). FEp is the energy of the boundary mode computed from the
Schwarzian action.

7 A note on the asymptotic and edge modes

In arbitrary spacetime dimension the Pacman opening angle is associated to the canonical
conjugate of the area element of the codim-2 surface I', and this dof at the corner plausibly
encodes edge modes in JT gravity [16]. We have seen that JT gravity can be effectively
formulated as a quantum mechanical system with a single asymptotic dof associated to the
reparameterization of the time field 7(u). Here we elaborate a bit more on the edge mode
in this Schwartzian theory.

Recall that the time coordinate is nothing but a local (scalar) field defined on all the
spacetime. Therefore 7(u) refers to this field on the points near the asymptotic boundary
C = OM, and we call 7p(u) to the same field on I'. The corresponding boundary condition
for a conifold M (27 — 0) is

T(u+B)=71(u) + ﬁ, (7.1)

To

and on the corner 9
o+ B) = ) + (7.2)
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Thus the Hayward term can be written in this field as

B T
IH("T) = 2@p(27r — HF) = 2/0 du ¢r <2,8 — T’Q’f‘r) . (7,3)

Notice that here ¢r plays a similar role than ¢y in the asymptotic term, and it is thought
as an independent Dirichlet data. So the total action becomes

Iyru(r,m) = 2/6\/E<1>(K —1) 4 2®p (27 — 6r)

= 2/0B du (¢b Sch (tan [TO;] ;u) + ¢r (2; — 7"07"1“>) } (7.4)

Note that it is written in terms of a Lagrangian in the fields 7(u), 7 (u).
A surface B(u), 0 < u < f3, of the Pacman intersects these two curves, and thus the
canonically conjugate momentum associated to the 7(r,u) field in these two points is

OLyr (7,7, 7,7)

7 (OM) = . , (7.5)
or
and on the tip, the momentum remarkably is the Dilaton field
7(T) = @r, (7.6)

as we expected from canonical analysis. We want to stress that eq. (7.5) is schematic
and only expresses the first momentum field, one should define more fields associated to
derivatives of 7 in order to obtain a Lagrangian depending only on these fields and their
first time derivative.

Notice that instead of having [0p,¢r] = i/2, see appendix B, we have the consis-
tent CCR

[7r, ¢r] =i/2, (7.7)
where (2 du 7 = (8) — m(0) = 8/r¢. The main novelty of this description is that the
0 y

total (JTH) path integral (4.13) reduces to an integral only over the fields 7(u), 7 (u),
satisfying (7.1)—(7.2). The path integral can then be written as

Zyru(dy , Pr) = / [D7(w)][D7r(u)] exp~ ru(mm), (7.8)

and 7 is what we can identify wth the JT edge mode, in line with the observations of [16].
In fact notice that any arbitrary 7r(u) minimizes the action, which realizes it as parameter
for the gauge symmetry associated to the edge. This implies that Z = Z(0M)Z(T") where
Z(I") becomes proportional to the volume of the space of functions 7r(u), and one recover
the results from section 4.

8 Concluding remarks

In the context of the holographic duality, the quantum state of a subsystem is described
by the reduced density matrix built up from the Hartle-Hawking wave function by tracing
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out the complementary dofs. In the semiclassical approximation, the matrix elements of
the density operator can be evaluated from the (dominant) solutions of gravity for suitable
Dirichlet boundary conditions on Pacman-shaped manifolds.

In this work we consider these Pacman geometries in JT gravity. As this kind of
geometries have a corner in its boundary we added a Hayward term to the action in order
to have a well-posed Dirichlet problem. We did the explicit computation in JT gravity and
showed the resulting action as well as it on-shell solution.

We study more in depth the hypothesis of [1] on the von Neumann decomposition
of the density operator (and Hilbert space) in block diagonal form, summing over all the
possible splittings of bulk dofs as the SS sectors. Since in JT quantum gravity the area
(®r) should be a natural observable of codim 2 surfaces, these are also fixed area sectors.

Indeed, the Hayward term contribution is shown to be relevant to study details on that
decomposition, and the edge modes contribution to the entanglement entropy given by the
RT formula [21]. In particular we gave some constraints on the underlying symmetry group
of JT gravity as viewed as a diffeomorphism gauge theory, recover some results obtained
previously with different methods [9], and obtain some interesting generalizations.

By studying the partition function obtained for closing the Pacman geometry we ar-
rived to a new description for the case with a conical defect, different in spirit to the
previously obtained in [25, 26]. We showed that after summing over all the possible values
for & the defect contribution disappears and we end up with the standard JT gravity
partition function for a disk geometry. Also, we computed the spectral density of states
corresponding to this solution and that hypothetically can be the same density of states
that corresponds to a dual random matrix model.

We then compute the Rényi and refined Rényi entropies in this context, showing results
consistent with the literature and pointing out several subtleties in the computation. Using
this we obtained from first principles the JLMS relation for the modular Hamiltonian.

We conclude our work with two possible future directions. The first would be that of
considering multiple corners I'; as boundary condition to the HH state studied in section 3.
The resulting spacelike surface ¥ will now contain pieces that do not immediately corre-
spond to either boundary subsystems which would be interesting to study on their own.
Moreover, in building a density matrix associated to it, one can consider several intermedi-
ate objects upon taking partial traces on different bulk subregions. For two corners I'1 and
I'y, one can envision a thermo-mixed double state in the fashion of [50]. In a more general
scenario and especially in replica trick computations, multiple gluing possibilities arise that
spontaneously break the replica symmetry and their possible dominance at different time
regimes are goals for future research.

We also leave for future work the interesting situation on which we prepare the a
state using the Pacman geometry but on the deformed JT gravity theory [25, 26]. This
is interesting because in such a case we will end up with geometries with both kinds of
defects, bulk and boundary, and the resulting partition function will be very different from
those obtained before.
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A Schwarzian action

Here we will show how to get the Schwarzian action used in section 3.2. We start by writing

the metric
dr?
2 )

d2: 2_2d2
s (r TO)T+T2—TO

0<7T<0/rg (A1)

which has the asymptotic boundary at r — oco. But, we want to cut the spacetime before
that and we will parametrize a general boundary curve by the proper boundary time u.
Using that the curve will be v(u) = (7(u),7(u)) and the line element over it reads

ds*|s = du .

As was explained in the main text the parameter € is a regulator such that ¢ — 0. The
length of y(u) is L = fég ds = é but along the text and as is usual in the literature we will
call by 3 to the length of the curve. The tangent vector to v(u) can be writen as

7 =" (u)dr + 7'(u)dr,
and the unit normal vector is
r’ (- )32 7!
\/r2 —7’8\/7'/2(7’2 —rd)+ 12 \/7"2(7'2 —rd)+ 12

Using that the trace of the extrinsic curvature K = V,v* and differentiating the line

element we obtain
r—er”

' (r?2 —rd)e’

which can be expanded to second order in € to get

K:1+62<(2T8 )7 =314 427/ ”’>+

K =

272

=1+ (Sch [tan ( 22 _ >

The dots represents order €* corrections and higher. So,

/ du Sch ltan <2r017(u),u>1 ,

+. (A.2)

! Vhe(K —1) =
oM 2

B 81G N 8TFGN
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where is clear that the term ﬁ /. oM Vh® was added to the usual Gibbons-Hawking
term because of holographic renormalization to cancel the divergent order e~2 term coming
from K in (A.2). This is the first term written in (3.15) where we used 79 = 1. In these
coordinates the equation of motion

Sch[r,u]" o

is satisfied by the solution (3.16)

where the constant was fixed to ensure that 7(u + ) = 7(u) + 6.

B ADM analysis and edge modes

In order to build the ADM analysis we borrow from [49, 51]. We stress that the ADM
formalism does require a real-time set-up. We rewrite the metric as

ds* = —N?dt* + o*(dx + N,dt)* (B.1)

and rewrite the dynamical piece of the action in terms of these functions

S:/\/§<I>(R+2):/\/§<I>R+2/\/§<I>:2/\/§<I>Rgl;;anZ/\/g@ (B.2)

where the key relation is that in 2d gravity R = gQ%Rl 212. Disregarding boundary terms,
one can show that all terms with no derivatives in ® other than 2 [ ,/g® cancel between
each other, leading to,
i M M
5= Q/M(—c'r + (Nyo)) + 2/@’ < + (G- (Nma)’)) 49 / /7 (B3)
o

where we used that \/g = Mo. One then gets II); = Iy, =0

1 1 .
My = (=6 + (Noo)) =K o M, = —(-¢+ N,@) = 0,8 (B4)
where the timelike normal vector is n = N~ —1,N,}, n?> = —1 and K = Vnt is the

asymptotic extrinsic curvature. One can then show that the canonical Hamiltonian, again
disregarding boundary terms,

/ dz (g + o6 — L) = / dzNH + Ny M (B.5)

(b” (bl
H= —Toll, + — — 5 —

Hapwm

o H, = Hg® — oIl . (B.6)

o2

By combining these constraints, one can define

2 / 2 2 (I)IQ ,_ 2
— S(VH AT H) = (11 + 8 — =5%~0 (B.7)
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By choosing the gauge in which the normal derivative of ® vanishes, 0,® = II, = 0,
one can explicitly solve the constraint as

12\’
<(I>2 — §,2> =52 = ®(ox) = Scosh(ox) (B.8)
which explicitly coincides with the classical solution on . This indicates that the complete
information on ¥ is completely determined by a single number. In particular, depending
on the variational problem of interest, this can be either S or #. On this gauge, the 6,
angles between ¥ and the asymptotic boundaries are always 6, = /2.

A complementary analysis comes from the variation of the dynamical piece of the
Lorentzian action. Consider a real time evolution from ¢ = —oco up to a surface 3 containing
a cusp I' at a certain point in the interior. As shown above, one can put 6, = 7/2 via a
gauge fixing, so we can disregard the contributions coming from the asymptotic boundaries.
The variation of the Lorentzian action can be written as

P
d0Ip +0 (2/ \/EQ>K> = (eoms) —i—/ dt%@
¥ —0o0
= (eoms) +/ IIg 0P +/ HZP (5th + 2 ®rdor (Bg)
by b))

which can obtained in a similar fashion as (3.10) starting from the Lorentzian signature
action. In the expression above we have introduced (eoms) to collectively denote the
equations of motion, and the symplectic potential © from where one can directly read
the dofs of the phase space [16]. The first two terms in © contain the standard codim-1
gravitational dofs one would expect from a Dilaton+gravity problem. The appearance of a
codim-2 term in this expression shows that the I' corner has induced a new set of dof 6 and
its conjugate momentum @r in the problem. Its commutations relations are (167G = 1)

[Op, ®r] = i/2 (B.10)

much like the z,p commutation relations in standard QM, disregarding the 2 which can
be modified via a parameter redefinition. As stated in the main text, these new dofs arise
commonly in gauge theories when splitting the spacetime into subregions. The intuition
is that there are infinite non-vanishing gauge transformations that mix the interior and
exterior that impede a straightforward splitting. One can see these new codim-2 dofs as
a manifestation of the broken gauge symmetries becoming physical dofs in each subsys-
tem [16].

Two comments are due. The first is that technically one can also include the topological
piece of the action in our analysis and define the canonical momentum as ®qg + ®p. Since
® is a constant for all our present purposes, this just represents a rigid displacement on
the conjugated momentum, which is unimportant. As a final comment, notice that fp in
this Lorentzian context is a boost rather than a proper angle as in the Euclidean approach
in most of the main text. Their connection is straightforwardly made via a Wick rotation
91’* — i@[‘.
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