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ABSTRACT: In this note, we resolve an apparent obstacle to string/M theory realizations
of dS observer patch holography, finding a new role for averaging in quantum gravity. The
solvable TT(+Asz) deformation recently provided a detailed microstate count of the dSs
cosmic horizon, reproducing the refined Gibbons-Hawking entropy computed by Anninos
et al. along with the correct radial bulk geometry. On the gravity side, the deformation
brings in the boundary to just outside a black hole horizon, where it is indistinguishable
from the dS cosmic horizon, enabling a continuous passage to a bounded patch of dS. In
string/M theory, the relationship between AdS/CFT and dS involves uplifts that change
the internal topology, e.g. replacing an internal sphere S with an internal hyperbolic space H
(and incorporating varying warp and conformal factors). We connect these two approaches,
noting that the differences in the extra dimensions between AdS black hole and dS solutions
are washed out by internal averaging in the presence of a timelike boundary skirting the
horizon. This helps to motivate a detailed investigation into the possibility of such timelike
boundaries in (A)dS solutions of string/M theory, and we take initial steps toward suitable
generalizations of Liouville walls as one approach.
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1 Introduction

In quantum gravity, methods ranging from low-dimensional toy models to full-fledged
string/M theory provide insight in very different regimes. In this note, we explain a basic
consistency check between them in the case of de Sitter (dS) static patch holography.

The universal contribution to the one-loop corrected three-dimensional de Sitter (dSs3)
horizon entropy [1] has been computed independently by an explicit, solvable deformation
of 2d holographic CFTs [2]. In addition to producing the correct state count, this 2d
non-gravitational, non-local boundary theory captures the emergent radial geometry of a
bounded region of the static patch by matching its quasilocal energy as a function of the
boundary position. This method replaces BPS control used for special black hole microstate
counts [3] with integrability of solvable deformations, pioneered by works such as [4-7].}
In this note, we show how an apparent obstacle to generalizing this method to string/M
theory is neatly averted, and initiate a research program to construct the required UV
complete timelike boundaries.

The model [2] explicitly captures the aforementioned properties — the finite state count
and radial geometry — but by itself does not produce a theory with non-gravitational local
bulk matter. It is known how to address this in perturbation theory about large N [26].

!The groundwork for this result was laid in e.g. [8, 9], and independent analyses such as [10-13] recently
recovered similar and/or supporting conclusions; additional insights into the physics appeared in [14], a
reformulation in terms of an auxiliary 2d gravity path integral will appear [15], and a small sample of
related work on dS entropy includes [16-25].



Moreover, one may be able address this beyond large N in several ways. For example, the
space of solvable models may extend to include bulk gauge fields and/or bulk conformal
fields — a topic of current investigation [27]. Lower dimensional examples building from [28]
have the advantage of less ambiguity from irrelevant deformations, potentially making
contact with approaches such as [29, 30]. In any case, with string/M theory providing
higher-dimensional UV complete quantum gravity — a theory which is massively dominated
by positive potential energy contributions to the 4d effective potential [31] — it is important
to assess this (or any other) approach to cosmological holography in that framework.

The relevant TT-type deformation [2] formulates the dual of bringing in the AdSs
boundary to a point where AdSs and dS; become indistinguishable, then bringing the
boundary out in a way that captures the dSs static patch geometry with 7T + Ay. For
the entropically dominant energy level, a key step in the derivation [2] is the matching
point between these two processes, where the theory transitions from the dual of an AdS
black hole horizon to the dual of the dS cosmic horizon. These are indistinguishable
when the patch boundary skirts the horizon (see figure 1).2 But one might worry that
this approach could never generalize to string/M theory, in which there are significant
internal differences among AdS and metastable dS solutions.? In the present work, we will
point out that this step does generalize to string/M theory, conditioned on the existence
of the requisite patch boundaries in the theory. The reason is conceptually simple: this
transition point corresponds in gravity-side variables to a bounding wall at the (stretched)
horizon, where its acceleration relative to an inertial observer in the bulk reaches the string
or Planck scale, compelling an effective thermal mixing among all physically connected
internal configurations (including topology changing processes). Interesting recent work
on a 2d analogue of this, with a study of internal dilatonic degrees of freedom involved
in (A)dS transitions appeared in [13]. This introduces a new role for thermal averaging
in quantum gravity. It helps motivate a research program to assess the UV completion of
fixed boundary conditions and quasilocal notions of energy in general relativity, the latter
itself a subject of much recent activity (see e.g. [33-39)]).

The problem of classifying timelike boundaries in quantum gravity beyond asymp-
totically AdS solutions is important in any case. The claim is often heard that a positive
cosmological constant precludes timelike boundaries, but this is a highly nontrivial and un-
proven assertion. (What is true is that global de Sitter spacetime has no timelike boundary,
a different statement.) If the solvable models — with their explicit match of quasilocal en-
ergies and corrected entropy — are any guide, such boundaries can play an important role
in generalizing holography to cosmology. In any case, it is a technical question to assess
the existence or not of such bounded string backgrounds.

The organization of the paper is as follows. In section 2 we explain the conditional
generalization to string/M theory of the deformation between AdS black holes and the dS
cosmic horizon. In section 3 we set up the problem of UV complete timelike boundaries, and

2Note that for microstates, the region beyond the horizon is generically non-geometrical, singular at the
horizon [32].

3See e.g. section 2 of [31] and references therein for a recent summary of the relevant string/M theory
compactifications.
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Figure 1. Although their near-horizon geometries are indistinguishable in the external dimensions,
the semiclassical internal solutions for AdS black holes and dS are very different [31], as exemplified
by the uplift from an internal sphere to internal hyperbolic space [40]. Nonetheless, this internal
distinction also disappears at the near-horizon matching point in the deformation [2] between AdS
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black holes and dS. This is because the near-horizon boundary entails a nearly diverging boundary
temperature, compelling a thermal mixing among the internal configurations connected by string/M
theoretic topology changing transitions. Similarly, at fixed boundary quasilocal energy the system
is not in an eigenstate of internal topology.

initiate one approach to it via generalizations of Liouville theory [41-44] in some examples.
We finish with a discussion of future directions, including a sketch of the lift of this approach
to M theory via Matrix (String) Theory [45, 46] related to work in progress [47].

2 The transition from an AdS black hole to dS: internal averaging

Let us entertain the possibility that string/M theory allows for a boundary on a cylinder
surrounding an AdS black hole and also allows for a bounding cylinder in the dS static
patch, generalizing the gravity side of [2] to d = 3 or 4 external dimensions [40, 48]. In this
section we will start from this and one other general assumption:

1. Bounding walls exist, with boundary conditions compatible with fluctuations in the
internal space. Their existence is an open question, amenable to technical analysis,
including the approach discussed in section 3 and section 4.

2. The string/M theory configuration space is connected, implying the existence of phys-
ically accessible topology change between different compactifications such as S7 and
Hy/T'. Significant precedents for this statement exist [49-54], including connections
between positive, flat, and negatively curved spaces [54] and among dimensionalities
(values of the effective central charge) [55].



Specifically, we suppose there may exist a wall at fixed radius » = 7. in the d + 1-
dimensional AdS black hole metric

dr?
dsidS—BHdH = e f(r)?de® +r2dQg (2.1)

with ) o
s 2 167 M
For) =1+ 7 (d— 1)Vol(S%-1) pd=2 (22)

and also there may be a UV complete wall at fixed radius r = r. in the dS static patch

dr? 72
ds?lsd+1 = 177‘2 — (1 — €2> dtz + Tzdgzil s (23)
iz

We are particularly interested in the case where the wall skirts the horizon in these back-
grounds.

A priori, the boundary conditions at such walls may take a variety of forms. A key
distinction is whether or not one integrates over the boundary values of the fields.* In
the Horava-Witten construction [56] one does such an integral, forcing the Brown-York
stress energy to cancel against stress-energy from explicit boundary degrees of freedom. In
contrast, a Dirichlet condition on the metric freezes it at the boundary and is consistent
with the bounded patch carrying non-vanishing net stress-energy; this case arises in the
holographic interpretation of TT + A [2, 8, 57-59]. A similar distinction arises for other
bulk fields including gauge fields. The Dirichlet case would be most analogous to AdS/CFT
holography, but other types of boundaries may also be interesting. For our purpose in this
section, we require a boundary that allows the internal configuration to fluctuate. We will
return to this point in the context of the approach to constructions that we take below in
section 3.3.

In the gravity-side variables, the deformation between AdS/CFT and dS/deformed-
CFT in [2] involves a first step of bringing in the AdS boundary in to the horizon (r. —
Thorizon) Of & black hole at the Hawking-Page transition, with horizon radius equal to the
AdS curvature radius ¢. This near horizon patch is identical for an AdS black hole and
dS with the same horizon radius ¢. Starting from this configuration, the second step is
to bring out the boundary to obtain the cosmic horizon patch of dS. (In the language of
the boundary theory, the first step is a pure T'T deformation in the boundary language,
matching to a TT 4 Ay deformation for the second step [2].) Given our assumption (1)
that bounding walls exist in string/M theory, this gravity-side procedure, including the
manifest indistinguishability at the matching point where the boundary skirts the horizon,
generalizes immediately to its d + 1 > 3 external dimensions.

However, at first glance this procedure may nonetheless seem impossible to embed into
string/M theory, because of the obvious internal differences between compactifications to
dS versus AdS. For example, the AdS; xS’ Freund-Rubin solutions of M theory with 7-form
flux uplifts to a warped product of dS4 with a hyperbolic internal space Hy/T" (conformally

4We thank G. B. De Luca, V. Shyam, G. Torroba and S. Yang for many discussions of this at the bottom
up level and ongoing research on the spectrum of possibilities for bounding walls [47].



deformed and Anderson-Dehn filled [60], tuned so that the net curvature competes with
Casimir energy and 7-form flux [40]). The topology change required to interpolate between
the S” and the H7/I' — if it exists similarly to [54] — would be singular in the low energy
supergravity theory; it introduces high barriers between them in the string/M configuration
space.

Given such an interpolation, the indistinguishability does extend to the internal di-
mensions, because of the fact that the matching point is at a diverging temperature. The
point is:

The hot boundary skirting the horizon compels a thermal mixture, averaging
among all physically connected internal spaces consistent with this horizon.

Thus, given the pair of assumptions (2): the existence of bounding walls and of topology
changing processes, we can indeed interpolate between AdS/CFT and dS/deformed-CFT
in the full higher-dimensional string/M theory. This argument is phrased in the canonical
ensemble, but one may transform to the microcanonical ensemble. At fixed energy, in the
near horizon region there is no reason that fixed-energy states correspond to a definite
topology, leading to a similar effect that the internal differences are washed out. We note
that in our setup, the mixing happens everywhere in the bounded near-horizon patch,
rather than realizing a domain wall solution.”

Related to this, a similar question arises in formulating the complementary region
within the static patch, the pole patch [2]. There, the matching between TT and TT + Ay
occurs at a point in the trajectory described on the gravity side by a small cylinder in
vacuum AdS (near the center) or the dS static patch (near the pole). Again, this small
cylinder in vacuum AdS or dS is equivalent in the external dimensions, whereas the internal
dimensions are very different. In this case, we expect the resolution is similar to the above:
at the matching point with the small cylinder-bounded patch, energy eigenstates will not
generally coincide with fixed topology, given the connected configuration space, washing
out the internal difference.

The assumptions (2) require further research to assess. Even from the bottom up
(GR coupled to effective fields), the status of various boundary conditions is under active
investigation (see e.g. [33-36, 38, 39, 61]). Interestingly, some of these considerations are
UV sensitive. In the remainder of this paper, we exhibit some new examples of boundaries,
taking the approach of generalizing Liouville theory for this purpose. We leave a systematic
study of all cases to future work.

3 Toward timelike boundaries in string/M theory

We are ultimately interested in placing a timelike boundary with cylindrical geometry in
an AdSg1 black hole and in the dSgi static patch (in a system of some higher total
dimensionality D). In this section, we will first formulate this problem in some generality
and discuss various issues. Then we will study in more detail some simpler examples

5Such solutions — which would generically be time-dependent — would be interesting to study in their
own right.



admitting chiral currents, focusing on the question of total reflection at the wall. We will
comment on generalizations in the discussion section.

3.1 Generalities

Including all dimensions, these spaces take the form

ds? = AW Lax® 1+ () (~dtf + L) ([dT))?) } + gmn (y)dy™dy" (3.1)

with the indices m,n running over the internal D — (d + 1) dimensions. In these coordi-
nates, the bounding wall of interest would appear at x = x. and the || notation indicates
direction along the wall. In addition, there is flux, and other ingredients depending on the
example [31].

There is much recent and ongoing research on the boundary value problem in general
relativity (see e.g. [33-36, 38, 39, 61]). In the present note, we explore potential methods
for constructing string/M theoretic bounding walls. We will focus first on string-theoretic
examples, and comment on lifts to M theory in the discussion section. These bottom up
and top down analyses overlap at low energies, but some of the issues appear UV sensitive
(e.g. involving short modes at the boundary [34, 61]).

In this note, our main approach technically will be to generalize Liouville walls® to
higher-dimensional target spaces. In classic Liouville and Sin-Liouville theory, the world-
sheet action at the semiclassical level contain a term ~ [ d?00eX | with & chosen so that
the operator is marginal with respect to the flat bulk target spacetime theory. The full path
integral generates a 2d CFT in those cases, with structure constants for the pure Liouville
theory proposed in [62, 63]. The interaction turns off in the bulk where x becomes large
and negative, with incoming and outgoing wave functions defined in this region. They
totally reflect at the wall, with a phase computed in [62, 63].

Let us consider more generally a worldsheet theory whose semiclassical action is of the
form

Sy = SO 1 / (OAD], (3.2)
b

where A > 2 is the dimension of O in the unwalled CFT defined by 51(,93), and ®[x] is a
function of the target spacetime embedding coordinate y transverse to the wall, which solves
the leading large-radius equations of motion for a field of mass corresponding to A, m? =
2A/a/. The added term in (3.2) is similar to a massive vertex operator (renormalized as
in [64, 65]), but is non-normalizable due to the dependence only on x. In the simplest cases
treated below, we can construct O out of certain chiral isometry currents in the unwalled
theory, and ®[y] is in a non-normalizable representation of the full current algebra, with m?
related to the Casimir of the representation. Our main concern in this work is to exclude
the possibility that the string reaches y — oo in some configuration where O vanishes.
Looking ahead to future work, in the de Sitter target space case, the worldsheet descrip-
tion is more subtle, even in power-law stabilized string theory examples such as [48, 66] since
they involve Ramond-Ramond sector fields and a Fischler-Susskind type mechanism [67, 68]

For reviews and solutions of standard Liouville theory see e.g. [41, 43, 44] and [62, 63].



for worldsheet conformal invariance which would be interesting to incorporate. A poten-
tially simpler option is to build up from string theory to M theory along the lines we discuss
in section 4 and address walls in the M2-brane version of AdS/CFT [69] and its uplift [40]
to dSy.

3.2 Walls in string theory

We will start with flat Liouville-type walls in a flat target space, which may be a prototype
for the more general case of weakly curved backgrounds with a string-scale wall. We then
generalize to vacuum AdSs and make some comments about the more general case. In these
examples, we will set up candidate worldsheet theories for walled backgrounds, focusing on
the necessary condition that the string totally reflect at the putative wall.

3.2.1 Flat walls in flat target spacetime
In a flat target space metric

D-1
ds® = —dX" + 3 dx* (3.3)
i=1
we can put a candidate flat wall transverse to the X1 direction via a worldsheet theory
such as

D—-2 D—2 2
Sus = S — AW/ [{ <—J02 + > Jﬁ) (—ng + 3 J;'f) } e“Xm] (3.4)
> i=1 i=1

r

= 50 < [ {(0-X))2(0,. X)) 2er0-1),

where JM = 9_XM and J I]%/[ = 0,XM. This is at the bosonic level, shortly we will
detail the fermionic contributions for the case of worldsheet-supersymmetric theories. The
subscript || refers to the directions transverse to X D=1 parallel to the wall; the background
preserves Lorentz invariance in those directions. The value of « is fixed to render the added
integrand marginal, i.e. dimension (1,1) in the unwalled S ©) theory:

_[2A—4 23
B R anilve

In the fermionic string theories, the constraints of worldsheet supergravity require the

(3.5)

vanishing of the simple pole in the OPE of the supercurrent G = My nv0XN with
the A\ term in the Lagrangian (and similarly for the right movers). The worldsheet-
supersymmetric version of (3.4) may be obtained by shifting XM — 9XM — %wM rapP =1
there. The equation (3.4) is written in conformal gauge on the worldsheet. The covariant

version for a general worldsheet metric h is
0 1 2 F 2 2 avyy, B 1 af,vo ? rXDP-1
Sws - Z)\W d“ovV—h (JH )O‘B(JH )75 h*Th7C — Eh h € (3.6)

where (Jf)ap = —JOJG + 257 JL T},



Bulk vertex operators in this system are defined as in the standard superstring in the
region XP~1 — —oo where the effects of the candidate wall term decay exponentially. In
this setup, we can exclude the possibility of a finite-energy string propagating to Xp_1 —
co. In order to propagate to large XP~!, we would need the non-negative coefficient Og of
the Liouville factor in (3.4) to vanish in this limit

Og = [(8_X|‘)2(8+XH)2]2 -0 as XP7!' 5 oo for transmission (3.7)

Suppose, without loss of generality, that this occcurs via (J||2)__ = (0-X|)* = 0 as
XP=1 5 50. Then the constraint from varying S,s with respect to the worldsheet metric,
0pS = 0 would get no contribution from the Ay term. So the constraints boil down

to the usual conditions derived from 5hS5002 = 0. This includes the condition T__ = 0,

((‘3_XH)2 = —(8_XD—1)2.

Thus (0-XP~1)? would also have to also go to zero in this scenario. But this is
impossible for the following reason. A configuration with 0_XP~! = 0 would be purely
right-moving for XP~1, so it would be given by a mode expansion of the form XP~! =
2Pt 4 pP=lr 4 wP~ 1o + Yon aneTTo/ts with pP—1 = wP~1, In order to propagate to
Xp_1 — 00, it must have momentum in the X1 direction, p?~! > 0. But it cannot have
winding in the X~ direction since there is no periodicity in that direction (and anyway
the string starts out as a closed loop in the bulk incoming region rather than stretching to
infinity in X?~1). So it is not possible for _ XP~1 — 0. As a result, the requirement (3.7)
is not possible; the string reflects rather than oozing out to XP~1 — oco. Since O does not
vanish, contributions from the large Ay region are doubly exponentially suppressed.

It would be very interesting to complete the analysis of this type of theory similarly to
Liouville and related examples. We would like to know if the system will similarly complete
to a CFT up to a renormalization of the X?”~! dependence (including the value of x). In
the full worldsheet theory, the path integration over 2d gravity formally produces some
Weyl-invariant theory with zero net central charge. So far, our treatment confirms that
if it completes to a theory whose matter CFT theory preserves the bulk region where the
O-Liouville effect is negligible, this system has a wall with total reflection.

3.2.2 Vacuum AdS3 cutoff wall

In order to move toward the spacetimes of interest, we may similarly consider the case of
AdS3 x S3 x T* with k units of NS-NS flux [70-74]. In this case, we can start with the
vacuum AdS metric

P

ds® = dp* — cosh? 7

dt? + sinh? qubz + internal 3.8
14

along with %k units of background NS-NS field strength. Following [70], we write u =
t+¢),v=1(t—¢)in terms of which the currents are J3 = k(d;u+ cosh(2p)d,v), J§ =
k(04 p=isinh(2p)04v)eT2% and similarly for the left movers with u > v. The AdS part of

the right-moving stress-energy tensor is T80 = 1[1(J4 J; + 5 1) — (J5)%. Let us write

ASws = _)\W / dQJ(OR + T++,internal)2(éL + T——,internal)2q)m2 (Pa t, d)) (39)



with
Or = —(J3)* = —k*(04u + cosh(2p)0,v)? (3.10)

and similarly for Op; somewhat analogously to the flat example above, this is associated
with the parallel directions to the wall (u and v). Here, semiclassically ®,,2 is the general-
ization of exp(kX3), i.e. a non-normalizable, time-independent solution of the bulk equation
of motion for a scalar of mass squared m? corresponding to the dimension-8 operator in
front. At large p > 1/¢ the equation simplifies to

20’ + & = m?® (3.11)

with dominant solution ® ~ exp{(—1+ V1 + m?2£2)p/l} ~ exp(mp).

As in the examples above, we would like to check if this set up precludes propagation
to large p. The argument proceeds similarly. Given the exponential growth of ® we would
need a vanishing coefficient O = (OR + T++,mternal)2(éL + T——,internal)Q- Without loss
of generality, we can consider this as resulting from the first factor vanishing; then the
constraint that the total right-moving stress energy tensor Tfis + T4 internal vVanishes
reverts to the condition J*J~ + J~JT = 0, classically (91 p)? +sinh(2p)?(d,v)? = 0. This
in particular requires d;p = 0, which is in contradiction with the string propagating to
large p (similarly to XP~! in the case of the flat wall above). So at this level, we are
finding a wall: a radial cutoff in global AdS3. We can adjust the position of the wall using
the coefficient Ay of O-Liouville term.

Again here, it would be interesting to analyze this at a more detailed level, beyond
establishing total reflection at the wall. This example has a new feature compared to the
flat wall case in section 3.2.1: the bulk extrinsic curvature at a given p does not vanish.
Nonetheless, the wall term in the worldsheet action is marginal at least at the semiclassical
level, not sourcing any tadpoles at that order (in contrast to a generic deformation that
would generate worldsheet beta functions indicating an immediate failure to solve target
spacetime equations of motion). Our application requires that the effective boundary in
this system — with appropriate higher-order renormalization of the function ® — remain
at fixed radius, rather than developing nontrivial time dependence. Given this, we will
next comment on the implications for the effective low energy boundary condition.

3.3 The question of the effective boundary condition

For holography including the deformation in section 2, we need to know whether or not
the graviton and other low-energy bulk fields effectively has a fixed boundary condition
at this type of Liouville wall (or if instead we integrate over boundary fields in the target
spacetime, as in [56]). We are also interested in the boundary conditions for heavy internal
fields in the case of the compactification to AdS, as in our application in section 2 the
internal equilibration depends on their not having a Dirichlet boundary condition.”

If the wall corresponded to a solution obtained by varying with respect to the fields
everywhere, including the boundary, then there would be no net Brown-York energy, and no

net electric NS-NS charge in the AdS3; example. The construction in section 3.2.2 exhibits

"We thank Z. Yang for comments on this.



nonzero extrinsic curvature and electric field at the wall, without an obvious source/sink of
such fields introduced by the O-Liouville term in the worldsheet action (3.9). In particular,
it is fundamental strings that source the NS-NS electric field, but the operator (3.9) is not
a winding operator. From this point of view, it appears that the wall is consistent with a
fixed boundary condition for the low energy fields.

The internal degrees of freedom, including the moduli of the S3xT*, are different in this
regard: they do not evolve radially. This is consistent with a variety of effective boundary
conditions, potentially enabling the internal fluctuations required for the deformation in
section 2. It is interesting to note that the aspects of gravitational Dirichlet walls which
are UV sensitive — involving arbitrarily high-momentum modes at the boundary [34, 37]
— are softened by Liouville walls.

4 Discussion and generalizations

This paper investigated timelike boundaries in string/M theory, whose existence would
enable deformations between AdS and dS compactifications of string/M theory. The two
parts of the paper are largely independent.

In the first part, we explained how given such boundaries, a naive obstruction to
generalizing the deformation [2] to higher dimensional quantum gravity is avoided in a
very interesting way. The matching between a radial AdS black hole boundary brought
into the horizon and a dS static patch radial boundary occurs at very high temperature,
leading to a thermal averaging in the extra dimensions which washes out the substantial
internal differences. So the major differences among internal string/M compactifications
for dS and for AdS are not an obstruction to this deformation procedure.

In the second part of the paper, we explored a method to build bounding walls in
string/M theoretic spacetimes. We wrote down explicit models in flat and NS-NS vacuum
AdS3 spacetime using chiral currents and argued that these exhibit total reflection at the
wall analogously to Liouville theory [42, 44].

4.1 Comments on black holes and dS in string-theoretic (A)dS

We would like to similarly wall off black holes and the cosmic horizon in dS in order to
upgrade the deformation between them [2] to string theory as reviewed above in section 2.
An example of a pair of related AdS and dS models in type II string theory is given by the
uplift of the D1-D5 system in [48]. This involves systems with less symmetry and fewer
chiral currents in the worldsheet sigma model compared to the above examples. The fact
that the wall thickness is much smaller than the curvature radius of the bulk may suggest
that such generalizations exist, but this requires additional investigation.

The general metric (3.1), contains isometries along the putative boundary directions (¢
and  translations). The corresponding currents are not in general chiral, so the particular
structure O ~ J}J} used above is not available. Perhaps one can use the chiral currents
in the extended self-dual model [75] whose gauging gives the original worldsheet sigma
model upon integrating out the gauge field. One could introduce a wall in the self-dual
theory as above and study the effect of the gauging. The viability of this depends on

~10 -



what the corresponding term Od ~ J;%Jé@ in the parent theory descends to in the gauged
model. Because O is irrelevant, the walled version of the self-dual model is non-Gaussian
in the gauge field, a complication compared to the original analysis [75]. A more direct
approach may be to set up an approximate version of the above structure, taking 0=
(gl‘w&rX ﬁ o4 XY )Q(g,llga,X |'|0 o-_X{ )2 with classical scaling dimension 8, and analyze its RG

structure.

4.2 Comments on the M theory case

We would like to analyze this question also in M theory, with the goal of ultimately assessing
the possibility of walls in the dS; models [40] obtained by uplift of the M2-brane theory.
Let us start by considering the M-theory version of the flat wall in section 3.2.1. One ap-
proach would be to formulate an analogous wall in the BFSS matrix theory [45] in which the
target spacetime is encoded in U(NN) matrices X*. This would involve adding to the matrix
theory Hamiltonian an operator of the form Tr[Oy; exp(kX '9)] whose effects die in the bulk.
In order to understand some of the constraints on this sort of construction (cf. the constraint
on k (3.5) in the worldsheet case), we may work with the matrix string theory of [46] which
interpolates between type IIA string theory and the eleven-dimensional limit of M theory.®
A Matrix string theory uplift of (3.6) would seem be

H=Hy+Tr

{ (D—X - JP - 1>2 (D—Xu ~ T9i” - 1)2 }ze“Xw] (4.1)

where Hyj is the maximally supersymmetric U(N) Yang Mills theory described in [46] whose
infrared limit is the (R®)" /Sy theory of multiple free strings. In this framework, the con-
straint on k comes from requiring that the wall operator flow to a physical operator in the IR
of this gauge theory, in each single-string sector arising from decoupled block in the matrix.

4.3 Summary

The classification of timelike boundaries in string/M theory — including in the case of
positive cosmological constant — is an important open problem. If such walls exist in (A)dS
backgrounds, descending at low energies to fixed boundary conditions for the bulk metric,
it opens the possibility of holography for bounded patches that proceeds more similarly
to AdS/CFT than either dS/CFT (with emergent time and fluctuating gravity) or dS/dS
(with emergent radial spatial geometry, but fluctuating lower dimensional gravity).

This idea is realized explicitly at the level of a solvable TT + Ay trajectory producing
the emergent radial geometry of the dS3 static patch and its refined entropy count [1, 2, 9].”
Before the present work, however, that approach seemed doomed in the case of string/M
theory, for which the internal compactification spaces descending to AdS and dS are quite
different [31]. But as we explained in section 2, the resolution of this problem is already
contained in the theory. Given the patch-bounding walls in string/M theory, we showed

8We thank S. Shenker and L. Susskind for discussions on this case, and A. Frenkel for sharing other
interesting ideas in this direction.
9With ongoing work aimed at formulating local bulk non-gravitational matter [27].
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in section 2 that the key step in the deformation from AdS/CFT to dS extends to the
internal dimensions of string theory via the high-temperature averaging compelled at the
(A)dS matching point in the trajectory where the boundary skirts the horizon.

This question of fixed walls in sting/M theory is amenable to technical development.
In addition to the generalized Liouville theory approach taken in section 3, there may
be other methods to formulate bounded systems with fixed boundary metric or extrinsic
curvature (distinct from [56] which itself may also be interesting to generalize to additional
backgrounds [47]).10 We anticipate further progress on this well-motivated question.
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