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Abstract
Bottom-up and Top-down Approaches to a Quantum Theory of Gravity
by
Chitraang Murdia
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Yasunori Nomura, Chair

In this dissertation, we explore these two complementary approaches to quantum gravity —
holography as a bottom-up perspective and string theory as a top-down framework.

On the holography side, we study two novel extensions of the AdS/CFT duality — TT de-
formed CFTs and their gravitational duals, and a two-dimensional BCFT with two conformal
boundaries dual to AdS spacetime with two End-of-the-World branes that can intersect at
a defect. We also develop a bulk flow procedure that can be interpreted as generating a
sequence of coarse-grained holographic states. We demonstrate the existence of a novel
inside-out entanglement island for the eternally inflating multiverse. We compute the entan-
glement entropy of free fermions in the presence of a partially transmitting boundary and
use it to study entanglement islands for a blackhole with non-trivial graybody factors.

On the string theory side, we study non-perturbative effects in minimal string theory. We
compute various instanton contributions like the ZZ cylinder, the ZZ annulus one-point
function, and the disk two-point function using string field theory. We also match these to
results from the dual matrix model or matrix quantum mechanics.
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Chapter 1

Introduction

Quantum mechanics and general relativity have been the crown jewels of physics in the
twentieth century. These theories have been tested to a high degree of accuracy in their
respective domains of validity and have led to tremendous amounts of scientific progress.
However, the search for a theory of quantum gravity that unifies these theories has been a
long-standing problem in theoretical physics. The key issue is that a naive theory of quantum
gravity has ultraviolet divergences. When the usual methods of perturbative quantum field
theory are applied to gravity, they lead to a nonrenormalizable theory. Historically such
ultraviolet divergences have indicated the incompleteness of our current understanding and
have necessitated the emergence of new physics at shorter distances. Developing a new,
divergence-free fundamental theory represents a bottom-up approach to quantum gravity.

One sharp way the conflict between quantum mechanics and general relativity is realized
is through theoretical puzzles such as the black hole information paradox and the firewall
paradox [1, 2, 3]. These paradoxes arise from the tension between the equivalence principle
in general relativity and unitarity in quantum mechanics. Understanding and resolving these
paradoxes is the motivating goal behind a top-down approach to quantum gravity.

In this dissertation, we explore these two complementary approaches — holography as
a bottom-up perspective and string theory as a top-down framework towards a quantum
theory of gravity.

1.1 Bottom-up Approach

One approach to understanding quantum gravity is through a bottom-up perspective, which
seeks to understand the theory from an overarching viewpoint. Holography has been one of
the most promising bottom-up approaches to a theory of quantum gravity. The holographic
principle is the proposal that the quantum gravitational degrees of freedom in a given region
R live on its boundary OR like a hologram describing all the physics inside it [4, 5]. The
most concrete realization of holography is the AdS/CFT correspondence — a duality between
quantum gravity in anti-de Sitter (AdS) spacetime and a conformal field theory (CFT) living
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on its boundary [6, 7, 8].

A major advance in our understanding of holography came with the development of
the Ryu-Takayanagi (RT) formula and its covariant extension, the Hubeny-Rangamani-
Takayanagi (HRT) formula [9, 10, 11]. According to these prescriptions, the entanglement
entropy of a subregion in CFT is given by the area of an associated minimal or extremal
surface in the bulk. When quantum corrections are included, we get the Quantum Extremal
Surface (QES) formula for the entanglement entropy

A(WR)
4Gy

S(R) = Sgen(Vr) = + Spu(Er) (1.1)
where R is a subregion of the CFT and 7g is the quantum extremal surface (QES), found
by extremizing the generalized entropy Sgen [12, 13]. Also, X is a partial bulk Cauchy slice
with 8ZR =RU TR-

Another key aspect of the holographic dictionary is the subregion-subregion duality. This
duality tells us that the boundary subregion R has access to all the information about the
bulk in the associated entanglement wedge EW (R), the domain of dependence of ¥i [14,
15]. A major step towards resolving the black hole information puzzle came when the QES
prescription was used to study the entanglement wedge of Hawking radiation. After Page
time, this entanglement wedge contains a disconnected region that is completely inside the
black hole. This disconnected region is called the entanglement island, and including it
enables the entanglement entropy of radiation to follow the Page curve [16, 17].

In this work, we focus on holography beyond AdS/CFT and on the applications of en-
tanglement islands to holography.

e Chapter 2 considers 7T deformed CFTs and their gravitational duals. In this chap-
ter, we refine some recent work demonstrating the success of the RT formula in 77T
deformed theories. We emphasize general arguments that justify the use of the RT for-
mula in general holographic theories that obey a GKPW-like dictionary. In doing so,
we clarify subtleties related to holographic counterterms and discuss the implications
for holography in general spacetimes. This chapter is based on Ref. [18].

e Chapter 3 focuses on generating a family of bulk-boundary dualities by using a coarse-
graining procedure. Motivated by the understanding of holography as realized in tensor
networks, we develop a bulk procedure that can be interpreted as generating a sequence
of coarse-grained holographic states. This coarse-graining procedure involves identify-
ing degrees of freedom entangled at short distances and disentangling them. This is
manifested in the bulk by a flow equation that generates a codimension-1 object, which
we refer to as the holographic slice. We generalize an earlier classical construction to
include bulk quantum corrections, which naturally involves the generalized entropy as
a measure of the number of relevant boundary degrees of freedom. The semiclassical
coarse-graining results in a flow that approaches quantum extremal surfaces such as
entanglement islands that have appeared in discussions of the black hole information
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paradox. We also discuss the relation of the present picture to the view that the
holographic dictionary works as quantum error correction. This chapter is based on
Ref. [19].

e Chapter 4 studies a novel gravity dual for a 2d BCFT with two conformal boundaries
by introducing a defect that connects the two End-of-the-World branes. We demon-
strate that the BCF'T dual to this bulk model exhibits a richer lowest spectrum. The
corresponding lowest energy eigenvalue can continuously interpolate between — 57t

and 0 where Az is the distance between the boundaries. This range was inaccessible

to the conventional AdS/BCFT model with distinct boundary conditions. We compute
the holographic entanglement entropy and find that it exhibits three different phases,
one of which breaks the time reflection symmetry. We also construct a wormhole sad-
dle, analogous to a 3d replica wormhole, which connects different boundaries through
the AdS bulk. This saddle is present only if the BCFT is non-unitary and is always
subdominant compared to the disconnected saddle. This chapter is based on Ref. [20].

e Chapter 5 applies the entanglement islands prescription to the multiverse. We study
the redundancies in the global spacetime description of the eternally inflating multi-
verse using the quantum extremal surface prescription. We argue that a sufficiently
large spatial region in a bubble universe has an entanglement island surrounding it.
Consequently, the semiclassical physics of the multiverse, which is all we need to make
cosmological predictions, can be fully described by the fundamental degrees of freedom
associated with certain finite spatial regions. The island arises due to mandatory col-
lisions with collapsing bubbles, whose big crunch singularities indicate redundancies
of the global spacetime description. The emergence of the island and the resulting re-
duction of independent degrees of freedom provides a regularization of infinities which
caused the cosmological measure problem. This chapter is based on Ref. [21].

e Chapter 6 studies the entanglement entropy of free fermions in 2 dimensions in the
presence of a partially transmitting interface and its application to entanglement islands
for a blackhole with non-trivial graybody factors. We focus on the case of a single
interval that straddles the defect, and compute its entanglement entropy in three limits:
Perturbing away from the fully transmitting and fully reflecting cases, and perturbing
in the amount of asymmetry of the interval about the defect. Using these results within
the setup of the Poincaré patch of AdS, statically coupled to a zero-temperature flat
space bath, we calculate the effect of a partially transmitting AdSs boundary on the
location of the entanglement island region. The partially transmitting boundary is a
toy model for black hole graybody factors. Our results indicate that the entanglement
island region behaves in a monotonic fashion as a function of the transmission /reflection
coefficient at the interface. This chapter is based on Ref. [22].
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1.2 Top-down Approach

A complementary approach to understanding quantum gravity is through a top-down per-
spective, which seeks to understand the theory from a fundamental viewpoint. String theory
is currently the best candidate for a top-down theory of quantum gravity. In this theory,
one replaces the point particles of quantum field theory with one-dimensional objects called
strings. This softens the divergences of gravity and unifies it with quantum field theory.
String theory has been extremely successful owing to the capability to describe a wide range
of phenomena while simultaneously including gravity. Perturbative string theory has been
studied extensively and has led to various exciting results such as consistent quantum gravity
amplitudes, grand unified gauge groups, and extra dimensions. However, non-perturbative
effects in string theory still need to be understood better.

In this work, we focus on non-perturbative contributions in minimal string theory, a
particular model of 2-dimensional gravity.

e Chapter 7 studies one-eigenvalue instantons across this duality. We use insights from
string field theory to analyze and cure the divergences in the cylinder diagram in
minimal string theory with both boundaries lying on a ZZ brane. We focus on theories
with worldsheet matter consisting of the (2,p) minimal model plus Liouville theory,
with total central charge 26, together with the usual be-ghosts. The string field theory
procedure gives a finite, purely imaginary normalization constant for non-perturbative
effects in minimal string theory, or doubly non-perturbative effects in JT gravity. We
find precise agreement with the prediction from the dual double-scaled one-matrix
integral. We also make a few remarks about the extension of this result to the more
general (p/, p) minimal string. This chapter is based on Ref. [23].

e Chapter 8 generalizes our results to multi-instantons. We compute the normalization
of a general multi-instanton contribution to the partition function of (p/, p) minimal
string theory and also to the dual two-matrix integral, and find perfect agreement
between these two results. This chapter is based on Ref. [24].

e Chapter 9 studies subleading corrections to these non-perturbative effects. We compute
the Z7Z annulus one-point function of the cosmological constant operator in non-critical
string theory, regulating divergences from the boundaries of moduli space using string
field theory. We identify a subtle issue in a previous analysis of these divergences,
which was done in the context of the ¢ = 1 string theory, and where it had led to a
mismatch with the prediction from the dual matrix quantum mechanics [25, 26]. After
fixing this issue, we find a precise match to the expected answer in both the ¢ < 1 and
¢ = 1 cases. We also compute the disk two-point function, which is a quantity of the
same order, and show that it too matches with the general prediction. This chapter is
based on Ref. [27].
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Chapter 2

Comments on Holographic
Entanglement Entropy in 77T
Deformed CFTs

2.1 Introduction

Gauge-gravity duality, specifically AdS/CFT, is our best known example of a holographic
description of quantum gravity [6]. The so-called GKPW dictionary [8, 7] relating bulk
physics to boundary dynamics takes the form

Zerr [%‘j] — e_Ibulk[guV]7 (2.1)

where ;5 is the background metric of the space in which the boundary CFT lives, and g,
is the bulk metric. A particularly consequential holographic correspondence given by this
duality is the Ryu-Takayanagi (RT) formula

~ or=a4 | 4G

S(A) = min {M} , (2.2)

which relates the entanglement entropy of a subregion A of the boundary space to the area of
the bulk extremal surface T' anchored to the entangling surface A [9, 10, 11]. Throughout,
we will work to leading order in the bulk Newton’s constant, G, and suppress all bulk fields
aside from g,,,. Higher order effects are well understood in the context of AdS/CFT [12, 13].

Other holographic dualities with similar features have been proposed. In particular,
the TT" deformation of 2-dimensional CFTs and its appropriate generalizations to higher
dimensions have been argued to have holographic duals [28, 29, 30]. Of crucial importance
to our discussion is that the proposed dictionary relating the boundary and bulk observables
in these theories takes the same form as Eq. (2.1), except that now Dirichlet boundary
conditions are imposed on a cutoff surface in the bulk.
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The simple idea we would like to highlight is that Eq. (2.2) was derived in the context of
AdS/CFT from Eq. (2.1) under rather tame assumptions [31]. The same argument, therefore,
can be used to show that the RT formula holds for all dualities adopting dictionaries of the
form of Eq. (2.1). This straightforward result is known in the community; however, careful
consideration of it resolves subtleties involving counterterms when calculating entanglement
entropy in T'T" deformed theories.

Note that several calculations of entanglement entropy in 77T deformed theories have
appeared recently [32, 33, 34, 35, 36, 37, 38]. Our goal is to emphasize the generality of the
arguments leading to an agreement between boundary entanglement entropy and the RT
formula and clarify some of the calculations performed in these works.

Conventions

The background metric of the space in which the boundary field theory lives is denoted by
7ij, while h;; refers to the bulk induced metric on the cutoff surface at » = r.. These are
related by hij = Tg’)/ij.

Overview

In Section 2.2, we review some aspects of entanglement entropy from a field theory per-
spective and then proceed to a calculation in the particular case of T'I" deformed theories.
In Section 2.3, we discuss the general holographic argument for the RT formula, which is
followed by a sample calculation in cutoff AdS. Along the way, we address some subtleties re-
lated to holographic renormalization. We conclude with a discussion about the consequences
for holography in general spacetimes in Section 2.4.

2.2 Field Theory Calculation

Preliminaries

Consider a D-dimensional CFT with action I[¢] = [ d”z,/ L]$]. One can prepare a density
matrix p on a spatial slice ¥ using an appropriate Euclidean path integral. In order to
compute the entanglement entropy S(A) of a subregion A of 3, one can use the replica trick
as follows:

S(A) = lim log (Z® [M,]) — nlog (Z® [M,])

n—1 1—n

_ (1 — n%) log (2" [M.,])

, (2.3)

n—1
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where

ZO[M] = / D¢ exp (— /M d%ﬁﬁ[gb]) (2.4)

is the “bare” partition function computed by the path integral on a given manifold M. M,
is the manifold used to compute Tr p, while M,, is an n-sheeted version of M; which is a
branched cover with a conical excess of angle A¢ = 27(n — 1) localized at the (D — 2)-
dimensional submanifold 0A.

The bare partition function Z®[M] typically diverges and takes the form

log (Z(b) [M]) = c1(Aa)” + ea(Aa)P 2 + .., (2.5)

where A is a UV cutoff and a is the length scale associated with the manifold M [39]. What
are the contributions of these divergences to entanglement entropy? These divergence can
be expressed as local integrals of background quantities [40, 41, 42]. (In even dimensions,
there is a logarithmic divergence which cannot be expressed in this manner.) This implies
that their contributions cancel in Eq. (2.4) everywhere away from 0A, since M,, and n copies
of M, are identical manifolds except at 0A. However, M,, has extra divergent contributions
coming from curvature invariants localized at dA. This leads to

LD/2]
S(A) = 3 apAP2 / P2a/H [R K7 (2.6)
k=1 oA

where [R, K?]*~1 represents all possible scalar intrinsic and extrinsic curvature invariants of
0A of mass dimension 2k — 2, with their coefficients collectively written as ay, and Hyy is
the intrinsic metric of 0A. Here, we have suppressed possible finite terms to focus on the
leading divergences. This is the famous “area law” associated with entanglement entropy,
which comes from the short distance correlations between A and A.

Since the above behavior is sensitive to the cutoff, one often considers a renormalized
version of entropy. In particular, the divergences in Eq. (2.5) can be subtracted (except for
logarithmic ones) by introducing a counterterm action I.; which involves local integrals of
curvature invariants:

LD/2]+1

I = Y DbAP™F / dPr\/y R (2.7)
k=1 M

Here, R*~! represents all possible scalar curvature invariants of M that one can write down
at mass dimension 2k — 2, and their coefficients b, can be tuned exactly to cancel the
divergences. The renormalized entropy is then given by

log (Zren [MnD —nlog (Zren[MID
n—1 1—n

, (2.8)
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where Z,., is the renormalized partition function which is computed using the action with
the counterterms in Eq. (2.7). This renormalized entropy is universal, i.e. UV regulator
independent in the continuum limit, and has been discussed previously in the literature [42].
A closely related version of renormalized entropy was discussed in [41]. These two are not
identical, but they both extract the appropriate universal behavior in the CFT limit by
subtracting the power divergences.

Entanglement Entropy in 77" Deformed Theories

We now specialize to the case of a D-dimensional CFT deformed by a particular composite
operator Xp of the stress tensor [30]. The presence of this deforming irrelevant operator
breaks conformal invariance and gives rise to a QFT that is conjectured to be holographically
dual to AdS with a finite cutoff radius, where Dirichlet boundary conditions are imposed.

We will focus on computing the partition function of this TT" deformed theory on the
manifold SP of radius R:

The theory is defined by the flow equation dictated by Xp, and using this we obtain
(T}) = —D\XDp), (2.10)

where A is the deformation parameter. 7j; is the renormalized stress tensor, whose trace
vanishes up to conformal anomalies in the CFT limit A — 0. The bare stress tensor 7}(;))

related to the renormalized one! as

18

(T) = (Ti;) — Cy, (2.11)

where C}; represent various terms involving the background metric «;; that arise from vari-
ation of the counterterm action, which in the CFT limit is given by Eq. (2.7). For finite A,
the cutoff of the theory is provided by the deformation itself, so that A is replaced by—or
identified with—A~? in Egs. (2.5 - 2.7).

Since SP is a maximally symmetric space, the one point function of the stress tensor
takes the form

(Ty) = wp(R) vij, (2.12)
<T¢§~b)> = Wg)(R) Vij- (2.13)

!The bare stress tensor is related to the Brown-York stress tensor [43], while the renormalized stress
tensor is related to the Balasubramanian-Kraus stress tensor [44] by a factor of rd=2.
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Using the flow equation, one can solve for wp(R) and wg)(R) as has been done in [37],
yielding

D—-1 L? D—-1
wp(R) == S5\ e + ooy
[(D-1)/2] 2k
fe.o (Lp
— | = 2.14
+ > lE) (2.14)
k=1
D—-1 L2
W (R) = - o V1t 7 (2.15)

where L2, = 2D(D —2)apA?/P with ap being quantities related to the central charges of the
field theory, and fi p are dimension dependent constants. (Note that ap o< 1/(D — 2), so
that Ly # 0.) We stress that while wp(R) has been represented schematically, the expression
for wg)(R) is exact. The explicit expressions for wp(R) can be found in [37].

Now using these results, we can compute the bare partition function as

d 1 i
TFloe 28 =~ [ A, (2.16)

obtaining

R
log Z4y = —DQp / dR w) (R) RV~
0

QDLD.PLD_1 |: 1 D—-1 D+1 R2:|
= ———2[ 5 3 )

22 22 2

, : . (2.17)
2" 2 2 L3

where Qp is the volume of a unit SP. The entanglement entropy of a subregion A which is
a hemisphere of the spatial SP~! can then be computed by a simple trick described in [33]:

5(4) = (1) g (29152)

n—1

R
— (1 - 5@) log Z3). (2.18)

This gives us the answer

S(A) (2.19)

. WQD_QLDRDil 1 D—1D+1 R?
~ DMD-Dx M2 2 2 LA

We can also compute the renormalized entanglement entropy in multiple different ways,
e.g. using Eq. (2.8), which results in a universal answer in the CFT limit [42]. Alternately,
one can use the version employed in [41]. For finite A these two versions give different
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answers, which explains the discrepancy in [38] between the field theory calculation and the
renormalized entropy.

We, however, emphasize that the TT" deformation provides a particular physical regulator
for the entropy, so one need not focus their attention on the renormalized entropy. This
regularization has a simple interpretation in field theory, which also has a geometric bulk
interpretation. Specifically, on the field theory side one only includes the energy levels below
the shock singularity, above which the energies take complex values. The existence of this
regularization naturally leads us to consider the bare entanglement entropy in Eq. (2.19),
which captures all the information about correlations between A and A.

2.3 Bulk Calculation

Holographic Duality

Using the holographic dictionary in Eq. (2.1), the entanglement entropy S(A) of a boundary
subregion A can be calculated as

S(A) = lim Tyui[ B — nlyu[B1]

n—1 n—l

: (2.20)

where B,, and B; are the saddle point bulk solutions dual to the boundary conditions dictated
by the field theory path integral on M, and M, respectively [31]. Notably, the action Iy
dual to the bare partition function is the usual Einstein-Hilbert action supplemented by
the Gibbons-Hawking-York boundary term. Assuming that the solution B, preserves the
Z,, symmetry of the boundary, [31] showed that the contribution to the above expression is
localized to the extremal surface I', resulting in the RT formula

S(A) = min {%} . (2.21)

" or=0A
Our simple observation is that this proof carries through unmodified as long as one is com-
puting the bare partition function. The TT theory must then obey the RT formula by
construction.

Counterterms added to the boundary action are well understood to correspond to bound-
ary terms added to the bulk action [44, 45]. Per the discussion in Section 2.2, these terms
give rise to extra contributions to S(A) localized to the entangling surface 0A. The saddle
point solutions are not modified by the inclusion of these terms, which are pure functionals
of the induced metric h;;. This implies that the renormalized entropy can be calculated
holographically as

Sren(A) M] + S(0A), (2.22)

~ ortoa { 4G
where the form of S(DA) is discussed in [42].
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RT Formula in Cutoff AdS

As a simple check, we now compare the result of the RT formula to the entanglement entropy
obtained in Section 2.2. On the bulk side, we need to compute the minimal surface I anchored
to the entangling surface A on the cutoff surface at r = r., on which the induced metric is
given by

hij = r2R*dQ3 = ridQy,. (2.23)
This calculation was performed in [38] and the answer obtained is

D—-1 2
Qp_ 1 D—-1 D+1
LR Y (224)

S(A):4G(D—1) 2’ 2 2 R

where [ is the AdS radius. By using the holographic identifications

4Gl
A= 75 (2.25)
1> =2D(D — 2)ap ¥Pr? = [2r2, (2.26)

we find that this is identical to Eq. (2.19).

2.4 Discussion

Holographic Dictionary

As emphasized throughout, if there exists a holographic duality between Einstein gravity
in the bulk and a quantum field theory on the boundary such that the two are related by
Eq. (2.1), then the RT formula will hold. This is true independent of the details of the bulk
spacetime and the boundary field theory. Indeed, we have shown that the T'T" deformed CFT
provides an explicit example of the validity of the Lewkowycz-Maldacena (LM) proof beyond
AdS/CFT at the conformal boundary.? In fact, all the results based only on this dictionary
element will hold in any such duality, at least in a perturbative expansion in GG. Two salient
examples include the prescription for calculating refined Rényi entropies presented in [47] and
generalizations of the RT formula in higher curvature gravity [48]. Though the robustness
of the LM proof is far from unknown, we hope that highlighting this feature helps solidify
the relationship between entanglement entropy and geometry in general spacetimes.

Holographic Renormalization and Counterterms

In CFT calculations, one often considers only renormalized quantities because these are
universally well-defined and survive the continuum limit. However, entanglement entropy

2An important assumption is the Z,, symmetry in the bulk. It is plausible that the argument holds after
relaxing this assumption; See, e.g., [46].
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is not one of these quantities. Nevertheless, since the TT" operator implements a particular
physical cutoff which has a simple geometric dual, it is sensible to consider bare quantities. In
particular, TT deformations with different background geometries would implement different
regularizations, leading to different entanglement entropies. On the bulk side, this manifests
as different choices of the cutoff surface. This provides a better understanding of the UV-IR
correspondence.

The handling of counterterms is the only additional subtlety encountered when calcu-
lating entanglement entropy in 7T deformed CFTs. For finite deformations, all quantities
are automatically regulated and hence the previous distinction between finite and divergent
terms becomes muddled. We aimed to clarify the conceptual aspects of these terms and how
they are related with the holographic result.

The fundamental idea is that the dictionary relation

ZCFT[/Y'L]] — 6_Ibulk[gu’/] (227)

is precisely between the bare CFT on the boundary and Einstein-Hilbert gravity (plus the
necessary Gibbons-Hawking-York term) in the bulk, both of which have divergent partition
functions. This is the arena in which the RT formula was shown to hold. If one now
chooses to introduce specific counterterms to renormalize the CFT stress tensor, then this
will correspondingly alter the gravity side of the dictionary (specifically by adding terms
localized to the boundary of the bulk). In particular, the addition of counterterms will
alter the RT prescription to include terms beyond the standard area piece. This addition
manifests as integrals of local geometric invariants at the entangling surface. In the CFT
limit these are used to cancel power divergences, but with finite deformations one need not
add a counterterm. Indeed, calculations including counterterms [33, 38] would necessarily
miss the area law piece for D > 2, which is finite for finite deformations.

Holography in General Spacetimes

The explicit verification of the RT formula beyond AdS/CFT at the conformal boundary of
AdS provides a strong footing for the surface-state correspondence [49] and related construc-
tions to understand holography in general spacetimes via entanglement entropy [50, 51, 52,
53, 54]. In previous work, the RT formula was used as an assumption to investigate prop-
erties of a hypothetical boundary theory, and self-consistency checks provided confidence in
that assumption. Now, the evidence that a duality in the form of Eq. (2.1) exists beyond
basic AdS/CFT, and the RT formula along with it, suggests that a duality may indeed exist
for general spacetimes and bolsters our confidence in previous work.

The results of TT" deformations provide a particularly promising avenue to investigate
flat space holography, since they hold down to scales below the AdS radius [. This contrasts
with the conventional UV-IR correspondence, which would result in a single matrix-like the-
ory describing an AdS volume [55]. It suggests that there is a way to redistribute degrees
of freedom on the boundary theory in a way that maintains local factorization, and the 1T
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deformation implements this. This is explicitly seen in the calculation of entanglement en-
tropy in the fact that it does not face an obstruction when a volume law scaling is reached at
ro ~ [. Volume law scaling of entanglement entropy suggests that the boundary theory for
asymptotically flat space is non-local, as is expected from the TT deformation. Correspond-
ing behavior is seen in cosmological spacetimes [53], and investigating properties of highly
deformed CF'Ts may shed light on these theories. Since the TT" operator naturally imple-
ments some sort of coarse graining, it would be interesting to relate this to the geometric
coarse graining procedure developed in [54].
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Chapter 3

Coarse-Graining Holographic States:
A Semiclassical Flow in General
Spacetimes

3.1 Introduction

The holographic principle, as embodied by the AdS/CFT correspondence, has led to a
tremendous amount of progress in our understanding of quantum gravity. In particular,
the realization that entanglement plays a crucial role in generating bulk spacetime has put
the holographic correspondence on much stronger footing [9, 10, 11, 56, 57]. This has led to
key insights about bulk reconstruction and subregion duality, culminating in entanglement
wedge reconstruction [58, 59, 60, 14, 15, 61]. Interestingly, several of these insights are quite
general and do not seem to require an AdS setting in particular, and thus they can be used
to understand features of holography in general spacetimes [51, 52, 53, 54].!

A particular manifestation of the above ideas can be seen in tensor networks (TNs) that
serve as useful toy models of holography [57, 69, 70, 71, 72]. TNs prepare quantum states
with a lot of structure and via the process of “pushing” the state generate a sequence of
boundary states, each of which satisfies the Ryu-Takayanagi (RT) formula [9, 10].? This
procedure involves disentangling certain short-distance degrees of freedom and coarse-grains
the state by reducing it to one in a smaller effective Hilbert space. Applying this procedure
to a general smooth classical spacetime leads to a flow equation in the continuum limit as

1An early work in this direction is the so-called surface/state correspondence [49, 62], of which the
construction of Refs. [51, 52, 53, 54] can be viewed as a covariant generalization. For other work on holography
beyond AdS/CFT, see, e.g., Refs. [63, 64, 65, 66, 67, 35, 68].

2We distinguish this from the Hubeny-Rangamani-Takayanagi (HRT) formula [11] which applies in time-
dependent spacetimes.
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we shall review later [54]. The flow equation takes the form?

dxt 1

T 2(0kl” + 0,k"),

where x# are the embedding coordinates of a codimension-2 surface ¢ on which the holo-
graphic states are defined, and {k*,*} are the future-directed null vectors orthogonal to o,
with 0, being the classical expansions in the corresponding directions. This flow satisfies
all the required properties for it to be interpreted as a disentangling procedure resulting in
a sequence of coarse-grained states.

In this work, we go beyond the classical flow equation by including bulk quantum cor-
rections. In the TN picture, we include these effects by modifying the network such that it
includes non-universal tensors/bonds as well as bonds connecting tensors nonlocally. With
this picture in mind, we develop a coarse-graining procedure analogous to the classical flow
equation which pleasantly fits in with our understanding of holography. In the continuum
limit, the procedure leads to a flow equation similar to that in the classical case:

dx“_l

- I I
) 2(@kl + Ok*),

where ©},; now represent quantum expansions [73].* This is our primary result. It is in line
with many results in which quantum corrections are included by replacing the area A/4Gy
with the generalized entropy Sge, (73, 74, 75, 76, 77]. Though motivated by TNs, which
often face issues in describing time-dependent situations, our procedure can be applied quite
generally. In fact, we obtain consistent descriptions in general time-dependent spacetimes.

Another important progress in understanding holography is the view that the holographic
dictionary works as quantum error correction [3, 78, 79, 80|, where a small Hilbert space of
semiclassical bulk states is mapped isometrically into a larger boundary Hilbert space. In
our framework, this picture arises after considering a collection of states over which we want
to build a low energy bulk description. Choosing such a collection is equivalent to erecting a
code subspace. We argue that while there is no invariant choice of code subspace in a general
time-dependent spacetime, our framework gives a natural choice(s) determined by the coarse-
graining procedure. This procedure leads to a one-parameter family of “dualities” depending
on the amount of coarse-graining performed, providing an improved understanding of the
holographic dictionary in general spacetimes.

Overview

In Sec. 3.2, we first establish the framework in which we are working. We explain how quan-
tum corrections affect the description of holography in general spacetimes and the associated

3The sign convention for the flow parameter A in this paper is opposite to that in Ref. [54].
4We use a modified version of the quantum expansion which includes a bulk entropy contribution from
an exterior region as described in Sec. 3.5.
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HRT formula. In Sec. 3.3, we review the classical flow equation. In Sec. 3.4, we motivate
our coarse-graining procedure with a toy model of TNs, elucidating how features of a state
relevant for the quantum-level consideration are represented there.

In Sec. 3.5, we present our main result, i.e. the procedure of performing the flow in
the bulk at the quantum level, which corresponds to moving the holographic boundary. In
Sec. 3.6, we discuss properties of this flow indicating that it corresponds to a coarse-graining
of holographic states. We elucidate that the way the flow ends can be used as an indicator of
qualitative features of the boundary state describing a given spacetime, using the example
of a collapse-formed evaporating black hole. In Sec. 3.7, we discuss how the picture of
quantum error correction may be implemented in our framework. Finally, conclusions are
given in Sec. 3.8.

3.2 Framework

In this work, we follow and further develop the framework of holography for general space-
times proposed in Ref. [51]. In this framework, we consider an arbitrary spacetime M and
posit the existence of a dual “boundary” theory that lives on a holographic screen [81],
which is a codimension-1 hypersurface H embedded in M. This hypersurface is foliated by
marginally trapped/anti-trapped codimension-2 surfaces called leaves, which we denote by o.
A marginally trapped/anti-trapped surface o is defined by the property that o has classical
expansion # = 0 in one of the orthogonal null directions. The proposal is that the boundary
theory describes everything in the “interior” of H, and states of the theory are naturally
defined on the leaves o, which provide a preferred foliation of H into constant time surfaces.
Based on the covariant entropy bound, it is expected that the boundary theory effectively
possesses A(0)/4Gy degrees of freedom, where A(o) is the area of a leaf. The AdS/CFT
correspondence can be viewed as a special case of this duality, where the holographic screen
is sent to the conformal boundary of AdS.

Given this setup, it was shown in Ref. [50] that the HRT formula for computing entan-
glement entropy can be applied consistently using a maximin procedure [59]; i.e., for any
subregion A of a leaf

s(4) =224 31)

where S(A) is the von Neumann entropy of the reduced density matrix on subregion A,
and A(74) is the area of the HRT surface v4 of A. The entanglement wedge, denoted by
EW/(A), is defined as the bulk domain of dependence of any bulk partial Cauchy slice ¥ 4 with
0% 4 = AU 4, which is often called the homology surface. The entropies obtained by the
above procedure can be shown to satisfy all the basic properties of von Neumann entropy
and are consistent with more constraining inequalities satisfied by holographic states in
AdS/CFT [82, 83, 84].
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it

Figure 3.1: The leaf o is split into o, U 0eyx such that oy and o. are separated by a small
regulating region Y. on a Cauchy slice ¥. This induces a division of the Cauchy slice as
Y = Y U X U Yoyt We define the location of the holographic screen by requiring it is
marginally quantum trapped/anti-trapped under variations of .

Now, in order to generalize this framework to the quantum level, we can follow the simple
guiding principle of replacing A/4G y with the generalized entropy Sgen to include quantum
corrections in the bulk [12, 13]

% — Sgen = % + Sbulk7 (32)
where Spyux is the von Neumann entropy of the bulk reduced density matrix on the homology
surface which is appropriately modified at the quantum level. This is motivated by various
examples in which this naturally works [73, 74, 75, 76, 77]. Furthermore, Sge, is a natural
quantity because it is a quantity that is renormalization scheme independent, and hence is
expected to be associated with fundamental degrees of freedom in the UV theory [85, 86,
75].

The generalization to include bulk quantum corrections requires a refined understanding
of the holographic duality which we now turn to. First, we note that the global description
of a state involves both the interior and exterior portions of the holographic screen [81].
Although the generalization of the HRT formula we describe applies to the interior region,
it will be important to keep track of the exterior as well.
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Next, the quantum extension of Eq. (3.2) implies that the location of the screen on which
the holographic theory is defined needs to be shifted accordingly. Let us consider a specific
global bulk state. We propose that the boundary theory describing the dynamics of this state
lives on a modified version of a Q-screen H' [74], rather than a classical holographic screen
H. A Q-screen is defined as a codimension-1 hypersurface foliated by quantum marginally
trapped /antitrapped surfaces, i.e. surfaces that have the quantum expansion © = 0 in one
of the orthogonal null directions. Usually the quantum expansion is defined by including a
contribution from the von Neumann entropy of the interior or exterior region of a leaf which
is a simple codimension-2 surface. In this paper, however, we consider that leaf ¢ is given by
Oint U Oext such that oy, and oey are split by a small regulating region ¥, on a Cauchy slice
> as seen in Fig. 3.1. This induces a division of the Cauchy slice as ¥ = Yy U X U Yoyt
Now, we define the generalized entropy of ¢ to be

_ A@)
4G N

With this definition of generalized entropy, one can define a quantum expansion © by the
variation of Sge, (o) under deformations of oy, while holding oey fixed. Using this definition
of ©, we can locate marginally trapped/anti-trapped surfaces self-consistently for any given
€. The location H' of the holographic screen is a Q-screen defined using this definition of ©
in the limit e — 0.

Generalizing the HRT formula of Eq. (3.1), we postulate that the von Neumann entropy
of a subregion A on the leaf o of a Q-screen can be computed as

A(AUT,)
4Gy

Sgen(a)

+ Spulk (Zint U Bext)- (3.3)

S(A) = + Sbulk(ZA), (34)
where I'4 is the minimal quantum extremal surface (QES) [13], and ¥, is the homology
surface with 9X4 = AUT 4. To find I'4, we can use a maximin procedure at the quantum
level [87] applied to general spacelike surfaces containing 0. We treat . as a single unit
that cannot be further divided into subregions, which must be either included in or excluded
from A. We assume that the leaf o is convex where o4y is treated as an indivisible unit.
Thus, S(A) obtained by Eq. (3.4) satisfies properties required for it to be interpreted as
the von Neumann entropy of the density matrix of subregion A. With this assumption,
we will show that the same applies to any renormalized leaf o(\) obtained from ¢ by our
coarse-graining procedure.

In AdS/CFT, the regime of validity of the quantum extremal surface formula, Eq. (3.4),
has been suggested to be all orders in Gy [13]. However, there are subtleties with the
definition of entanglement entropy for gravitons which have not been completely resolved
(see e.g. Ref. [73]). At the least, we expect the formula to hold at O(1), where it can already
lead to a surface different from that obtained by using Eq. (3.1) [16, 17, 88, 89, 90]. In order
to avoid subtleties with gravitons, one could consider a setup with bulk matter having a
large central charge ¢ so that the graviton contribution is subleading in 1/¢ expansion. We
expect a similar regime of validity for Eq. (3.4) in general spacetimes.
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Note that in Eq. (3.4) we have included the area contribution from A in addition to
that from I'4. This is required if there is a spacetime region outside the leaf, as is the case
in generic spacetimes. In this case, Spux(X4) receives a contribution from entanglement of
bulk fields across A, which is divergent. This divergence is then canceled with that in the
area contribution from A in the first term, making S(A) well defined. The same applies to
the AAS/CFT case if we impose transparent boundary conditions near the boundary which
lead to kinetic terms coupling the interior and exterior of AdS space [16, 17]|. In fact, the
classical formula in Eq. (3.1) must also have the contribution from the boundary subregion
area, A(y4) = A(A U~4), in these cases, although this does not affect the minimization
leading to 74 and hence the result of Ref. [54].

There are special cases in which the area contribution from A-—as well as the correspond-
ing contribution from Sy (X 4)—is absent. This occurs when the spacetime outside the leaf
is “absent,” as is the case if Dirichlet boundary conditions are imposed on the Q-screen,
or if reflective boundary conditions are imposed in AdS/CFT. Even in this case, however,
our coarse-graining procedure—which corresponds to moving the leaf portion oy, inward—
induces the area contribution from A on a moved—i.e. renormalized—Ileaf oy, (), reflecting
the fact that the spacetime continues across i ().

3.3 Review of Classical Flow

In previous work [54], it was shown that a coarse-graining procedure motivated by TNs can
be defined in the bulk at the level of classical geometry. Here we review this construction,
which allows us to elucidate a generalization to include bulk quantum corrections.

A key idea is to realize that a TN defines a sequence of states that can be generated by
including fewer tensors, layer by layer, as shown in Fig. 3.2. For example, one can consider a
state defined on the outermost legs which lives in Hilbert space H,. A coarse-grained version
of this state can then be given by a smaller TN that is obtained by peeling off the outermost
layer. This state lives in a smaller Hilbert space H,,, and the TN provides an isometric map
from H,, to H,. The sequence can then continue, giving a series of Hilbert spaces H,,, Ho,,
and so on.

In fact, this peeling-off procedure can be decomposed further into smaller steps. For any
subregion A of a given boundary, there is an isometric map from the in-plane legs at the RT
surface 4 to the boundary legs in A [69, 70]. This implies that a particular subspace of the
boundary subregion legs, corresponding to the in-plane legs at 74, is maximally entangled
with the complementary subregion A via 74, which acts as an entanglement “bottleneck”
see Figs. 3.3 and 3.4. All the other subregion legs can be disentangled by applying unitary
U, that acts locally within A.

This is different from what has been done in the AdS/CFT literature in the context of 7T deforma-
tions [28, 33, 37, 38, 18, 91], which corresponds to (re)imposing Dirichlet boundary conditions at each step
in the coarse-graining, i.e. at oins(A) for all .
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Figure 3.2: A TN defines a boundary state in the Hilbert space H, at the outer legs. One
can, however, also consider “coarse-grained” states defined at inner layers, e.g. states defined
in Hilbert spaces H,, and H,,.

Therefore, if one is to preserve only long range entanglement while getting rid of short
range entanglement, one could compress the state down to that defined at the legs of the
surface 0/ = y4 U A. This reduces the size of the effective Hilbert space, mapping a pure
state in the larger boundary Hilbert space H, to a pure state in a smaller boundary Hilbert
space H,s. This can be done by considering small subregions of o and truncating the TN to
end at ¢’. One useful way to interpret this step is that we are retaining the complementary
entanglement wedge EW(A). This step can then be repeated multiple times to generate a
sequence of states, all of which are increasingly coarse-grained.®

Now, we apply this idea to a general spacetime M by considering infinitesimal subregions
A of size 0 (— 0) on the boundary leaf o. In order to coarse-grain, we find the HRT surface
v4 and reduce the accessible spacetime region to the complementary entanglement wedge,
EW(A). Repeating this multiple times involves shrinking the domain of dependence at each
step by finding new HRT surfaces anchored to infinitesimal subregions as seen in Fig. 3.5.

In the continuum limit, this reduces to the original construction of Ref. [54]; see Fig. 3.6.

Here, we consider the intersection of the complementary entanglement wedges EW(A,,) for
infinitesimal subregions A, centered around arbitrary points on the leaf, denoted by p. This

6We note that this is similar to the construction suggested in Refs. [92, 93], although here we directly
use the TN description and its fine structure, as opposed to constructing the TN using information about
the boundary state such as entanglement of purification [94, 95] or reflected entropy [96].
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Figure 3.3: The von Neumann entropy of subregion A is computed by the minimal cut 74
that splits the TN into two parts containing A and A respectively.

Figure 3.4: By applying a local unitary on A, we can find maximally entangled legs across
~v4, which serve as a bottleneck for the entanglement between A and A.

leads to a new domain of dependence R(o),

R(o) = N, EW(A,), (3.5)

which can be interpreted as defining the state on a new “renormalized” leaf o; such that
the domain of dependence of oy is R(0), i.e. D(0;) = R(c).” The HRT prescription can be
shown to consistently apply for subregions on this renormalized leaf as well, owing to the fact

"The domain of dependence of a closed codimension-2 surface is defined as the domain of dependence of
a spacelike hypersurface enclosed by the surface.
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=3
O'. —_— Oy
) Q T

Figure 3.5: A sequence of coarse-graining steps. At each step, we consider infinitesimal
subregions of size ¢ (— 0) and reduce the spacetime region to their respective complementary
entanglement wedges.

that it is still a convex surface [54]. Thus, we may interpret this as the spacetime continuum
version of the procedure yielding the sequence of states described above using TNs.

This continuum procedure can be written in terms of a flow equation for the leaf o(\),
which is interpreted as a Lorentzian mean curvature flow:

dw“_l
d\ 2

where z# are the embedding coordinates of o()), {k*, [} are the future-directed null vectors
orthogonal to o()), normalized such that k - I = —2, and 0, are the classical expansions in
the k,[ directions, respectively. The sequence of renormalized leaves span a codimension-1
hypersurface, which was termed the holographic slice. In particular, it is a partial Cauchy
slice of the bulk domain of dependence, D(o), of the original leaf o.

It was shown that the flow described above satisfies various interesting properties that are
consistent with the coarse-graining interpretation. These include the fact that the area of the
leaf o(\) decreases monotonically with A, implying that the number of degrees of freedom in
the effective Hilbert space Heg(o(A)) decreases as we flow. By choosing statistically isotropic
subregions with random shapes, one can obtain a preferred holographic slice that preserves
the symmetries of the system. Alternatively, by varying flow rates along the transverse
directions, one could get a range of different, but gauge equivalent, slices of D(o).

(ORl" + O1K"), (3.6)
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Figure 3.6: Coarse-graining over infinitesimal subregions on o can be performed by consid-
ering the intersection of complementary entanglement wedges. This leads to a domain of
dependence R(o) which corresponds to a new renormalized leaf o7.

3.4 Motivation from Tensor Networks

Having the classical construction in hand, we now describe how to generalize it to include
bulk quantum corrections. Let us take a specific state defined on a leaf of a Q-screen. We
want to understand how coarse-graining of this state works using the TN picture.

We expect that the state is still modeled by a TN at the quantum level. In order to
represent the effect of bulk quantum corrections appropriately, this TN must include two
additional features compared with the classical case. First, tensors and bonds used in the
network should in general not be all “featureless,” i.e. all the tensors being the same and
connected by maximally entangling bonds, as was the case in simple perfect tensor [69] or
random tensor [70] networks. Reflecting the existence of excitations of bulk low-energy fields,
tensors and /or bonds must have a non-universal structure representing such excitations. This
generally makes the network not fully isometric. Second, since bulk low-energy quantum
fields can have long-range entanglement, corresponding to Shuk in Sgen, there should be
longer bonds connecting non-nearest-neighbor tensors, although the number of such non-
local bonds (or more precisely, the total dimension associated with them) is suppressed
generally as the bonds become longer. A typical TN of this sort is depicted in Fig. 3.7.

Once we have a TN representation of the state, the scenario in Sec. 3.3 can be generalized
in a relatively simple manner. To do so, we must first establish how to compute the entropy
of a boundary subregion, following the formula in Eq. (3.4). In general, the boundary legs
consist of both the shortest, local bonds and longer, nonlocal bonds cut by the boundary.
When we compute the entropy of subregion A of oy, i.e. a subset of these legs, we must
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Figure 3.7: A TN representing a state at the quantum level has tensors that are not universal
(yellow) and bonds that connect tensors nonlocally (pink).

minimize A(A . )
. B UXy4
Sgen(A7 XA) - 4GN

over all surfaces X4 anchored to the boundary of A, where =, is the homology surface with
0=4 = AU X,4. In this expression, the area term represents the contribution from the
shortest bonds, while Spuk(Z4) from longer bonds, cut by 0=4. In short, Sgen(A,X 4) is
given by the entropy of all the bonds connecting tensors inside and outside 9= 4, regardless
of their lengths; see Fig. 3.8. (This reflects the fact that the precise way to separate the
contributions from local and nonlocal bonds is arbitrary and does not have an invariant
meaning.)

With this prescription, we can follow the analysis in Sec. 3.3 and coarse-grain the region
A of the boundary state by removing the bulk regions that are entangled with A, i.e. by
reducing the TN to a smaller one giving a state on

+ Shu(Z4) (3.7)

o =AUl (3.8)

Note that here the complement A of A is defined as that on the entire leaf 0 = i U Text,
not on ojy;. The QES I'; is given by the surface X5 minimizing

A(AU X5)

S’gen(z7 XX) = 4GN

+ Shu(Z7), (3.9)

where

0X5 = 0A = 0Ain (3.10)



CHAPTER 3. COARSE-GRAINING HOLOGRAPHIC STATES: A SEMICLASSICAL
FLOW IN GENERAL SPACETIMES 26

Figure 3.8: The minimal QES I'4 of subregion A is determined by minimizing the entropy
of all bonds connecting tensors inside and outside AU 4 (consisting of 12 black and 2 pink
bonds in the figure).

with Ay the complement of A on oy (ie. A= At U Oext, and 0=4 = AU X+, meaning
that

(11

= Sting U Dot (3.11)

Here, 8527% = Ay U X+, and Yy is a spacelike hypersurface exterior to oey. Note that
here we have defined that for o., the surface “enclosed” by ey to be the exterior of geyy:

az)ext = Oext- (312)
This procedure gives the interior portion of the new leaf to be
ol = A U1 (3.13)

We assume that for a TN representing a state with a semiclassical bulk, the RT formula with
quantum corrections can be applied to the state on this new surface as well. The process
described here can be repeated multiple times, leading to a similar sequence of coarse-grained
states as before.

Note that the assumption of the RT formula continuing to hold is nontrivial given that
generic bulk states break the isometric property of the TN. However, we will only need to
assume that the RT formula holds for infinitesimal subregions and their complements, which
gives results that are consistent with the coarse-graining interpretation suggested here. As
discussed in Sec. 3.2, one could also consider bulk matter with large central charge so that the
non-isometric behavior appears only at subleading order in 1/c for reasonable bulk states [92,
93].
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3.5 Coarse-Graining and Quantum Flow

Definition

Having found the procedure in TNs, we can now look for a continuum version in semiclassical
gravity. Given the framework established in Sec. 3.2, we can locate the Q-screen for a given
state and start a coarse-graining procedure analogous to that discussed in Sec. 3.4.

As described in Sec. 3.3, we consider an infinitesimal subregion on the interior portion
ot Of the original leaf o and reduce the accessible spacetime region to the complementary
quantum entanglement wedge QEW(A), which is determined by the minimal QES I'; of A
such that QEW(A) = D(X5), where 9¥5 = AU T'y. Note that in a general spacetime, the
global description includes an exterior portion outside oq. Thus, the complement of an
infinitesimal subregion A C oy, on the leaf is A = A U 0ext, and the bulk entropy term
Spulk Of the generalized entropy is given by the von Neumann entropy of Yz = Yz U Yext.
The necessity of including the region exterior to oe can be argued from complementary
recovery in pure states.

Considering many such infinitesimal subregions A, on o, centered around points p as
in Eq. (3.5), we can sequentially reduce the accessible spacetime region to

R(0) = N, QEW(4,), (3.14)

which leads to a renormalized leaf oy such that D(3;) = R(c), where 03, = oy. This
yields a new boundary state in a smaller effective Hilbert space defined on oy. As we show
later, the convexity of the original leaf implies that the corresponding renormalized leaf is
also convex, which ensures that the coarse-graining prescription can be repeatedly applied
to get a family of leaves. This describes what we call the quantum flow. The preservation of
convexity also means that S(A) of a subregion A of a renormalized leaf obtained by Eq. (3.4)
satisfies properties needed for it to be interpreted as the von Neumann entropy of the density
matrix of the region.

Possibility of appearance of disconnected leaf portions

While performing the coarse-graining as described above, it may occur that the minimal QES
'z for A, in Eq. (3.14) becomes non-infinitesimal. In particular, if there is a bulk region
surrounded by a surface X of area A(X) and whose entanglement with the exterior of gy
exceeds A(X)/4G y on a given spacelike slice containing o; = 0int; U Oext, then the quantum
minimal surface x(4,) on it has a disconnected component surrounding the region. If such
a disconnected component remains after the maximization over all the spacelike slices, then
the minimal QES I'(A,) does have a disconnected component, and as a consequence R(o)
will have a “hole” such that R(¢) D X. This makes the new leaf oy ;11 have a disconnected
component X (C 0in,i+1), in addition to the portion infinitesimally close to oy ;. The region

surrounded by X is thus excluded from the flow afterward.
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When it first appears, an excluded region, and hence the disconnected component of the
leaf associated with it, is small. This appearance cannot be seen just by solving the flow
equation, although our coarse-graining procedure itself captures the occurrence of this phe-
nomenon. After its appearance, the disconnected component of the leaf also flows generally,
following the flow equation. This makes the hole of the spacetime larger, which may even-
tually collide with the component arising from the continuous inward motion of the original
leaf portion ojy,.

The Flow Equation

In the continuum limit, the behavior of QESs anchored to small subregions can be studied
analytically. While the von Neumann entropy can in general show complicated behaviors as
the subregion is varied, for an infinitesimal subregion we may expect that such behaviors arise
only from physics at scales much larger than the size of the subregion. It is then reasonable
to assume that the change of the entropy of the subregion, as well as that of the complement,
can be approximated by the volume integral of some density function. With this assumption,
and reasonable smoothness assumptions about the spacetime and subregions, we show later
that the resulting QESs are such that the deepest point lies in a universal normal direction
to the leaf given by

1

as long as the relevant QESs exist. Here, {k* I#} are the future-directed null vectors or-
thogonal to iy, normalized such that k-1 = —2, and ©;,; are the corresponding quantum
expansions. Here, Oy ; are computed by varying Sgen as defined in Eq. (3.9). This is sufficient
to find the location of oy i, and hence of oy, after fixing relative normalizations for the size
of subregions considered on different portions of the leaf. For convenience, we will choose
the normalizations such that the resulting flow equation takes the simplest form. Other
possibilities will be discussed in later.

Following the procedure described above, we can derive a flow equation, which generalizes
the Lorentzian mean curvature flow in Eq. (3.6) to include bulk quantum corrections:

da:“_l

= = 5O + Ok, (3.16)

where x# are the embedding coordinates of the interior portion oy, (A) of the renormalized
leaves () = Tint(A) U Oext, parameterized by A, and Oy represent the quantum expansions
of o(A) at z#. The resulting sequence of oy, () spans a codimension-1 quantum-corrected
holographic slice as shown in Fig. 3.9.

Derivation of the Flow Equation

Consider a codimension-2, closed, achronal surface o in an arbitrary (d + 1)-dimensional
spacetime M. Suppose o is a convex boundary. We assume that both M and o are sufficiently
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Figure 3.9: A sequence of renormalized leaves oy, () obtained by solving the flow equation in
Eq. (3.16) spans a codimension-1 quantum-corrected holographic slice. Each leaf represents
the domain of dependence of a spacelike surface iy (A) with 0%i(A) = oy ().

smooth so that variations in the spacetime metric g,, and induced metric on o, denoted by
hi;, occur on characteristic length scales L, and L,, respectively. We also assume that
the changes of the variational entropy current density J#(z), discussed below, occur on a
characteristic length scale Lg.

Consider subregion A of characteristic length ¢ < Lg, L,, Lg on the surface o. This
subregion A is chosen to be a (d — 1)-dimensional ellipsoid on ¢ at order O(d). Then, at the
leading order, the QES anchored to 0A lives on the hypersurface generated by the evolution
vector®

1
5= 5(@kl +0k) =6t — 0,z (3.17)
normal to 0. Here, k and [ are future-directed null vectors orthogonal to ¢ normalized as
k-1l= —2,and t and z are vectors related to these by
k=({t+z2), 1=(t-2=2). (3.18)

Let us now prove this claim. Since the subregion A is assumed to be an ellipsoid, we
label its center point as p. We can then set up Riemann normal coordinates in the local
neighborhood of p:

1
g/ﬂ/(x) = Nuw — gRuupoxpxa =+ 0(373) (319)

In these coordinates, we are considering a patch of size O(§) around the origin p with
Ryps ~ O(l/L;), so at any point in this patch

G (T) = Ny + O (2—;) : (3.20)

8We ignore the possibility that there is no QES infinitesimally close to A as § — 0, i.e. the possibility
(iii) for the end of flow.
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Since there is still a remaining SO(d, 1) symmetry that preserves the Riemann normal
coordinate form of the metric, we can use these local Lorentz boosts and rotations to set t
and z as the coordinates in the normal direction to o at p while 3 parameterize the tangential
directions. At order O(d), the subregion A is then an ellipsoid in the 3’ coordinates centered
at the origin p.

In a small region around p, we can define a variational entropy current density that
measures how Sy changes. More formally, let X 4 be a surface anchored to the boundary
of A, or equivalently of A: X, = X. Let =4 be the homology surface with 0=4 = AU X+,
then

Shu(Z7) = So — / J(x)da". (3.21)
s

where Sy is the Sy associated with the full o, so it is independent of the choice of subregion
A or the surface Xp. J,(z) is the aforementioned variational entropy current density which
upon integrating over S, a homology surface with boundary 0§ = A U X, determines how
Sbulk(EZ) differs from So.

We now Taylor expand the entropy current density about p, so for any point within O(9)

distance of p
wor-a.(1+0(2)). o

where J, = J,(0). Recall that Lg is the length scale of the variations of corresponding
entropy variations.

Let Kfj , K7; denote the extrinsic curvature tensors of o for the ¢ and 2z normals, respec-
tively. It follows that Kj;, K7 ~ O(1/L,). Since t and z are normal to o, the equations for
the surface o, described by t7(y") and 2z (y’), can be Taylor expanded in the region A as

i)

. 1 - 53

tL(y') = —§Kijzy] +0 (ﬁ) : (3.23)
i R i j &

a(y) = 5Ky +0( 75 ) (3.24)

where the negative sign in the first line is due to the time-like signature of the ¢t normal.
From Egs. (3.23) and (3.24), it follows that at the leading order in 9,

2, ijyet
Vit = fﬁJKij, (3.25)
V2 ="K}, (3.26)
where V? = 9'9;. Note that h;; = n;; at this order.
It follows that the ratio of quantum null expansions on the surface o is
Or (K} + KG) +4GN (T — T)

—_— = — 3.27
O, T]”(Kfj — KZZ]) + 4GN<—$ - jz)’ ( )
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or equivalently -
% o @k + @l . TIUKZZ‘ —4GN T,
@Z ®k — @l UiniZj + 4GN$ '

(3.28)

Here, we have used that bulk entropy is given by Eq. (3.21) along with the Taylor expansion
in Eq. (3.22).

The QES I'; can be parameterized in a similar way using ¢z (y*) and zg(y*). The boundary
conditions satisfied by the QES are

t2(DA) = t,(0A), (3.29)

Since the region A is chosen to be an ellipsoidal region in the y* coordinates at O(4),

we have symmetry under y* — —v° at this order. Consequently, the ¢ and z directions are
normal to the QES at the center point (t(0), zg(0),0).
Let [?fj, I?fj denote the extrinsic curvature tensors of the QES for the ¢ and z normals,
respectively. We assume that the QES is approximately flat at lengthscale ¢, i.e. I?fj, l?f] <
1/6. We will show that this assumption is self-consistent as long as the entropy current
density is not too large.

We can Taylor expand tg(y") and zx(y") as

. 1~ o

te(y') =te(0) — §Kijzij (3.31)
. 1~ o

zp(y') = 2p(0) + injylyJ. (3.32)

Since the QES has vanishing quantum null expansion, we have at the leading order

(K4 + K) +4Gn (T, — J.) = 0, (3.33)

nI(K}, — K;) +4Gn(-T, — J.) = 0. (3.34)

Here, we have used the expansion in Eq. (3.22) because any point on the QES is at most
O(9) distant from the origin p.

These equations, along with Eqgs. (3.31) and (3.32), result in the following differential
equations for tg(y') and zg(y') at the leading order

Vip = —nK = —AGn ., (3.35)
Vi =7 Kf = —AGn T, (3.36)

Earlier, we assumed that K! I?fj < 1/§, which is justified as long as J;, 7, < 1/(4GyN9),

R
which is the case if J;, J. do not diverge as o — 0.
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Let us consider the quantities 0t = tg —t;, and 0z = zg — z;,. These satisfy the following
differential equations at the leading order

V25t = nV K, — AGN T, (3.37)
V262 = =K}, — AGN T, (3.38)

The boundary conditions are given by
dt(0A) = 0z(0A) = 0. (3.39)

It is now clear that at the leading order, 6t/©, and —dz/0©, satisfy the same differential
equation with the same boundary conditions, since ©; and ©, can be regarded as constant
at this order. Thus,

ot oz

®t B @z
for all points on the extremal surface. Rewritten, the extremal surface lives on the hyper-
surface generated by the evolution vector s = ©;t — ©,2 normal to o.

In making the claim above, we have assumed that the subregion A is a (d—1)-dimensional
ellipsoid on the surface o. Nonetheless, the proof goes through if the subregion R has a
reflection symmetry (y', 42, ...,y 1) — (—=y', =12 ..., —y¢"1) about the center point p at
order O(9).

In fact, we expect this theorem to hold for a more general subregion A because the above
proof works if we can find any point p € A such that the normal vectors to o at p match
with the normal vectors to the QES at the point corresponding to p at order O(§). Under
the condition that 6 < Lg, L,, Lg, such a point lies at the “center,” in the sense that the
leading-order treatment here works; for example, the QES of the form of Egs. (3.31) and
(3.32) is correctly “anchored” to 0A at the leading order in §.

Finally, our discussion here applies in the context of the main text to the interior portion
of the leaf, oy,¢. The existence of the exterior portion o does not change the fact that the
QES of A lies on the hypersurface given by Eq. (3.40).

(1+0(5)) (3.40)

3.6 Features of the Quantum Flow

Convexity of Renormalized Leaves

Let us begin by defining convexity in the context of this chapter. Consider a compact set
S on spacelike slice . This set is defined to be convex if the quantum minimal surface x4
anchored to the boundary A of a codimension-2 region A C S is such that VA, y4 C S.
Here, the quantum minimal surface x4 is defined as the surface on ¥ which minimizes the
generalized entropy Sgen for the region on X bounded by x4 U A. A codimension-2 compact
surface o is called a convex boundary if on every codimension-1 spacelike slice 3 such that
o C Y, the closure of the interior of ¢ is a convex set.
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Figure 3.10: The quantum minimal surface xp crossing the quantum minimal surface I'4.

Theorem. If ¢ is a convex boundary, then for any subregion A C o, AUT'4 is also a
convex boundary.

Proof. Suppose that for some spacelike slice ¥, which contains A U T4, there is B in the
closure of the interior of A U T4 such that the unique quantum minimal surface yg goes
outside AU T 4.

Since o is assumed to be a convex boundary, yp cannot go outside o, i.e. it cannot cross
A. Thus, xp must cross I'4 as shown in Fig. 3.10.

As I'y = X7 U X, is the quantum minimal surface for A,

A(Xy) | AMX2) | A(A)
<
4G i " ag Fobalab) <
where the right hand side corresponds to the surface X, = X5 U Xj.

Also, xp = X3 U X, is the unique quantum minimal surface for B, so

A(Xy)  A(Xs)  A(A)
4G + 4G + 1a + Spu(abe), (3.41)

AXs) AKXy A(B) AX))  AX))  AB)
e e T e + Spuic(be) < e e + 1 + Sphu(b), (3.42)

where the right hand side corresponds to the surface Xg = X; U X}.
Combining Egs. (3.41) and (3.42), we have

Sbulk(ab) + Sbulk(bC) < Sbulk(b) + Sbulk(abc) (343)

which contradicts strong subadditivity. Thus, the quantum minimal surface xp crossing the
quantum minimal surface I"4 results in a contradiction. O
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By repeatedly applying this theorem, we can show that if the initial leaf has the interior
portion oy, that is convex, then a sequential quantum flow procedure results in a convex
interior portion at each step. In the continuum limit, this sequential procedure gives us the
same renormalized leaves that were obtained using the flow equation. Thus, we conclude
that if the initial leaf portion oy,(0) is a convex boundary, then the renormalized leaf portion
oint(A) 1s also a convex boundary for all A > 0.

Lemma. Consider a slice ¥ and a compact set S C 3. If S is convex then ©x(9S) < 0.
Here, ©x(095) is the trace of the quantum extrinsic curvature of S embedded in ¥ for the
normal pointing inward.

Proof. Suppose that ©x(9S) > 0 somewhere on dS. One can explicitly construct minimal
surfaces that are outside S by considering small enough subregions anchored to this portion

of 0S. O

Let the future-directed null vectors orthogonal to a codimension-2 spacelike surface o be
k and [, which we normalize as k-1 = —2.

When we discuss the convexity of the leaf o(\) = it () U Oex, We treat ooy as a single
unit on o which cannot be further divided into subregions. Thus, oey is included or excluded
as a whole when we consider any boundary subregion A.

Properties of the Flow

We now illustrate some of the salient properties of the flow, showing the consistency of it
being interpreted as coarse-graining.

Monotonicity of generalized entropy of renormalized leaves

In order to interpret our procedure as coarse-graining, the number of degrees of freedom
must decrease monotonically with A. The dimension of the effective Hilbert space Heg(o(\))
associated with leaf o(\) can be defined as the amount of entropy the boundary legs carry
in the TN picture, implying

in[Healo )] = 222 1m0

= Sgen(0(N)), (3.44)

where |H| represents the dimension of H, and () is a bulk codimension-1 spacelike surface
bounded by 0 () = Gt (A) U Oexs, 1.6. 2(N) = Ling(A) U Xy We thus find that the condition
for the decrease of the degrees of freedom is the same as the statement that the generalized
entropy of the renormalized leaf o()\) decreases monotonically with A\. We now prove this in
a manner similar to Ref. [54].
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We have defined the evolution vector s, which is tangent to the holographic slice T and
radially evolves the interior leaf portion inward:

1
where the associated quantum expansions satisfy
0, =0,0, <0. (3.46)

This follows from ©,©_; being non-positive. To show this non-positivity property,
consider some spacelike slice > with boundary o. The inward normal n on X is given by

n = ak — Bl (3.47)

with a;, § > 0. Suppose O > 0. Now we can choose a slice ¥ such that ©x(c) > 0 by taking
a > . Thus, o is not a convex boundary because the closure of its interior is not convex
on Y due to the lemma above and we arrive at a contradiction. A similar argument holds if
@l < 0.

Next, consider a point p on the leaf portion oy, (A) and the s vector orthogonal to iy (\)
at p. Next consider an infinitesimal patch of area d A around p. As we flow along s by a small
amount, the rate at which Sgen(0())) changes is determined by the quantum expansion O,
as

dSgen X ©50A4 < 0. (3.48)

This implies that the contribution to Sgen(c(A)) from the inward flow of any infinitesimal
patch is negative, and hence Sgen(o(A)) must decrease with A.

The argument above relies on the flow equation. However, as shown in Section 3.5, it is
possible that on coarse-graining, we obtain a new disconnected component of i, (A). While
the appearance of such a component cannot be described by the flow equation, it comes with
a negative contribution to the generalized entropy of the renormalized leaf. Thus, even on
including this effect, we find that Seen(o())) decreases with .

Containment of subregion flow

Consider the situation where we apply the holographic slice construction only to a finite
subregion A of the leaf portion oy,. This yields a sequence of renormalized leaves given by
o(\) = A(\) U A. Here, A(\) represents a sequence of subregions that arise from the radial
evolution of A.

Now, because of entanglement wedge nesting

QEW(A) c QEW(o()\)) (3.49)

for arbitrary A, since A C () for all A. Here, QEW(A) and QEW (o (\)) are determined
by the corresponding minimal QESs. This implies that the boundary of QEW(A) acts as an
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extremal surface barrier for the flow of A(\). In particular, A()\) remains outside QEW(A)
for all A.

Incidentally, if there is another QES anchored to A which lies outside QEW(A), then
A()\) would not be able to go beyond this non-minimal extremal surface.

Remaining freedom

In general, the proof in Sec. 3.5 allows us to fix the direction of the flow at each point of
ot () to be the vector s as discussed in Eq. (3.15). However, there is no canonical choice of
normalization, reflecting the arbitrariness of choosing relative sizes of subregions for different
points on gy (A). The ratio of these sizes must stay finite in the continuum limit, and yet it
can still lead to inequivalent flow equations parameterized as

dzt ;

s a(y', \)(Okl" + ©1kH), (3.50)
where 3y’ represents the tangential coordinates on oy (A), and a(y’,A\) > 0. These flow
equations in general result in different holographic slices, which are all gauge equivalent by
the equations of motion. By choosing subregions of the same characteristic size at all p, we
can fix the preferred normalization that leads to Eq. (3.16).

We note that this provides a natural gauge choice motivated by holography; the spacetime
inside the holographic screen, which is now the Q-screen H’, is parameterized by A, y;, and t,
where t is a time parameter on the holographic screen giving a sequence of leaves at different
times. (If disconnected components of oy, (\) appear during the flow, then we must extend
y; to incorporate those components.)

An alternative choice for the normalization is to take A to be the proper length along the
trajectory p(\) of a point on oy, (A). Here, the trajectory is defined such that if a point on
Tint (A + d\) is located on the 2-dimensional surface orthogonal to gy (A) at p(A), then it is
regarded as the “same” point as p(A), i.e. p(A + d\). This provides another natural gauge
choice motivated by holography.

End of the Flow

The quantum flow procedure described above provides a way to probe a spacetime inside
the holographic screen by following the holographic slice inward. A key qualitative feature
of the spacetime is given by how and where the holographic slice ends.

The holographic slice can end in one of the three possible ways:

(i) The slice ends at an empty surface. This can occur simply such that oy, (\) keeps
moving inward, and the slice is capped off at a point, as shown in Fig. 3.11. Alterna-
tively, as discussed in Sec. 3.5, disconnected components of oy, (A) may appear during
the flow, which then grow outward and coalesce with the original component of gy, ()
moving inward, ending up with an empty surface.
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Uint(o)

Oint (A) =0

Figure 3.11: The holographic slice ending in an empty surface.

aint(o)

Oint (oo)

Figure 3.12: The holographic slice asymptoting to a quantum extremal surface.

aint(o)

Figure 3.13: The holographic slice terminating abruptly.

(ii) The slice asymptotes to a QES as shown in Fig. 3.12. As the interior portion oju ()
of renormalized leaves approaches the QES, the flow slows down because O, ©; — 0.
Note that a QES homologous to the initial leaf portion oy, (0)—even if it is non-
minimal—acts as a barrier which cannot be crossed as we flow in.

(iii) The slice terminates abruptly as shown in Fig. 3.13. This occurs when the minimal
QES associated with A, the complement of an infinitesimal subregion A, becomes
non-infinitesimal. At this point, we need to terminate the flow.

It is worth mentioning that while some of these cases have classical analogues, the second
possibility of (i) and the case (iii) are exclusive to the quantum flow.
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Examples

Various examples for the classical flow equation of Eq. (3.6) were discussed in Ref. [54]. In
many situations, the minimal QES is a small perturbation to the classical HRT surface, and
accordingly the quantum corrected flow equation in Eq. (3.16) results in a holographic slice
that is perturbatively close to the classical holographic slice. There are, however, cases in
which the two flows are significantly different. Here we illustrate an example of these: a
black hole formed from collapse.

In the classical case, it was found that the holographic slice stays close to the horizon for
a long time until it reaches the matter forming the black hole [54]. It is then capped off to
form a complete Cauchy slice of the spacetime as seen in Figs. 5 and 6 of Ref. [54]. How is
this modified at the quantum level?

Far from the black hole horizon, the flow is largely unaffected. It is, however, significantly
modified once we approach the horizon. As the black hole evaporates, there are Hawking
modes that escape to the region exterior to oe, denoted R, leaving behind their interior
partners entangled with them. As the leaf portion oy, is moved inward by the flow, its
classical area decreases but the entropy contribution from the Hawking partners increases.
About a Planck distance inside the horizon, the two effects compete with each other, resulting
in a QES where the flow ends. The mechanism by which the QES emerges here is identical
to the one that appeared in a specific example in Ref. [97].2 Thus, after including bulk
quantum corrections, the holographic slice becomes a partial Cauchy slice of the spacetime
that excludes a large portion of the interior.! The same feature can be found in the case of
an AdS black hole, where one could allow the black hole to evaporate by coupling the CFT
to a bath. Our coarse-graining procedure then leads to a flow that stops at the same QES
as that found in Refs. [16, 17].

Another mechanism excising the black hole interior comes from the phenomenon discussed
in Sec. 3.5. As the black hole evaporates, there are a large number of interior partners of
Hawking radiation that accumulate behind the horizon, which eventually exceed the area
of the horizon at the Page time. Hence the interior of such an old black hole would not be
swept by renormalized leaves (even if the flow did not halt as described above).

The phenomenon that the holographic slice does not penetrate deep into the black hole
horizon was already seen in the classical case. There is, however, an important difference in
the quantum case. As shown in Figs. 3.14 and 3.15, holographic slices become partial Cauchy
slices during the middle of the evolution of a black hole. (These can be contrasted with Figs. 5
and 6 of Ref. [54].) This implies, in particular, that with a given time parameterization on a
boundary, e.g. on the holographic screen, the concept of black hole formation and evaporation
can be rigorously defined through the behavior of the flow discussed earlier.

9Recently, Ref. [98] appeared which found such a non-trivial QES in cosmological spacetimes. The
coarse-graining flow would end at the QES in these situations as well.

10This does not necessarily mean that the interior of the black hole is absent. It is possible that the semi-
classical interior picture emerges through approximately state-independent operators acting on modes (the
hard modes [99, 100]) whose characteristic frequencies are larger than the local Hawking temperature [101].
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Figure 3.14: Eddington-Finkelstein diagram representing black hole formation and evapora-
tion with quantum holographic slices depicted for three characteristic times.

Figure 3.15: Penrose diagram version of Fig. 3.14. The region R outside o is depicted by
orange lines.
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Figure 3.16: A TN representing a collection of states has dangling legs as well as nonuniversal
tensors and nonlocal bonds.

3.7 Relation to Quantum Error Correction

In this section, we discuss the relation between our coarse-graining procedure and the picture
that the holographic dictionary works as quantum error correction [3, 78, 79, 80], in which a
small Hilbert space of semiclassical bulk states is mapped isometrically into a larger boundary
Hilbert space. In our framework, this picture arises after considering a collection of states
over which we want to build a low energy bulk description.

In the context of quantum error correction, one chooses the set of semiclassical bulk
states that can be represented as a code subspace in the boundary theory. In a general
time-dependent spacetime, however, there is no natural choice of code subspace fixed by the
bulk effective theory. This is because degrees of freedom that appear natural on one time
slice need not be in bijection with those that appear natural on a different time slice. For
example, if a single heavy particle decays into a large number of radiation particles within
the causal domain of oy, then we may naturally choose a code subspace associated with the
degrees of freedom of the parent particle, e.g. its spin, or a larger subspace determined by
the coarse-grained entropy of the final state radiation.

Our framework addresses this issue by providing a specific gauge choice given by the
coarse-graining procedure. Suppose there are a set of states giving similar geometries on
their holographic slices. Then, we can represent all these states approximately at once by
a single TN, which has “dangling” legs so that different states in these legs correspond to
different elements in the set; see Fig. 3.16. This is a choice of code subspace motivated by
the coarse-graining procedure.
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Figure 3.17: With the state in H¢o4e being maximally mixed, the QESs I'4 and I'; can differ.

The introduction of dangling legs amounts to dividing bulk degrees of freedom into two
classes: those represented by a code subspace and the rest. Let us denote the associated
Hilbert space factors by Hcode and Heozen, respectively. States in Heoqe correspond to the
bulk degrees of freedom that we aim to reconstruct, while Heoen i viewed as “frozen.”
Namely, the degrees of freedom corresponding to H.ozen are treated essentially as part of the
background, despite the fact that they are associated with quantum states in the conventional
bulk effective field theory.

We can now define the coarse-graining in this setup, namely on a continuum analogue of a
TN with dangling legs. Specifically, we take the maximally mixed state in H¢oqe, While picking
a fixed state in Hpozen determined by the network structure, i.e. the background geometry.
This can be thought of as considering a coarse-grained version of a generic state within the
code subspace. Indeed, the maximally mixed state plays a crucial role in AdS/CFT, in which
reconstruction of a certain operator in the maximally mixed state is sufficient for a given
operator to be reconstructed on arbitrary states in the code subspace [102, 103].

The coarse-graining procedure then follows that in Secs. 3.4 and 3.5, but this time Sy
receives contributions both from dangling legs, Scoqe, and nonlocal legs, Skozen. Since the
QESs for A and A need not agree (see Fig. 3.17), the region between the two surfaces—often
termed the no-man’s land—is partially entangled with both A and A. Nevertheless, using
Eq. (3.14) we can obtain a picture analogous to that in Secs. 3.4 and 3.5.

Once we perform the flow to obtain a renormalized leaf o(\) appropriate to deal with
the problem, e.g. by making o, (A\) a surface surrounding the region we are interested in,
then we can consider the set of all states in H oqe, rather than the maximally mixed state, to
analyze the system in more detail. As in the corresponding TN case, we can then interpret
such coarse-grained states in two ways.

One is to view a state in the set as defining an entangled state in the combined bulk-
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boundary Hilbert space

|77D> € Hbulk ® Hboundaryy (351)

where Hypu represents the space of bulk states in the code subspace.
Another is to regard the set to give an isomorphic map between the bulk Hilbert space
(i.e. the space of dangling legs) and a subspace of the much larger boundary Hilbert space:

{’w>} : Hpuk <> Heode C Hboundary~ (352)

Note that in the TN picture, Hpoundary consists of both local and nonlocal bonds cut by the
boundary surface obtained by the flow, as well as the part associated with ge.. This implies
that the dimension of the boundary effective Hilbert space is given by

Ale(V)

ln ‘Hboundary(a(A))‘ = 4GN

+ Sfrozen(z()‘))~ (353)
This can be compared with Eq. (3.44).

In this way, holographic properties such as the HRT formula and entanglement wedge
reconstruction can be naturally interpreted [78, 61]. The interpretation is consistent with
the analysis in Ref. [102] that the region reconstructable by state-independent operators—
termed the reconstruction wedge in Ref. [103]—can be computed by considering QEW(A)
of the maximally mixed state in Heoqe. In this picture, our coarse-graining procedure is
interpreted to produce a sequence of holographic encoding maps parameterized by A, each
of which can be viewed as a holographic duality of the form in Eq. (3.52).

3.8 Discussion

In this chapter, we have generalized the holographic coarse-graining procedure described
in Ref. [54] to include bulk quantum corrections. Interestingly, the generalization involves
promoting classical expansions 6 to quantum expansions © as has been found in many other
examples [74, 73, 75, 76, 77]. We have demonstrated that the flow equation obtained in
the bulk has all the properties consistent with an interpretation as a coarse-graining process
in the holographic theory. Our procedure also gives a way in which the region exterior to
the holographic screen is treated at the quantum level. It would be interesting to explicitly
understand the detailed coarse-graining procedure from a boundary theory perspective.
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Chapter 4

Holographic BCFT with a Defect on
the End-of-the-World Brane

4.1 Introduction

AdS/BCFT [104, 105, 106] studies the gravity dual of boundary conformal field theory [107,
108]. The simplest, bottom-up model proposed for AdS/BCFT is a spacetime terminating
at the End-of-the-World (EOW) brane [105, 106, 109]. This EOW brane is anchored to
the BCFT boundary. This bottom-up model captures some qualitative aspects of stringy
models for AdS/BCFT [110, 111, 112], and has served as a useful toy model for black hole
evaporation [16, 17, 88, 89, 90, 115, 116, 117, 118, 113, 22, 114], interpreted as doubly-
holographic brane-world models [119, 120, 121, 122]. On the other hand, this simplest
model of AdS/BCFT is known to have several atypical features in the boundary operator
spectrum amongst all holographic BCFTs, such as fine-tuned boundary operator spectrum
[123] and the absence of interactions between distinct EOW branes. The latter, which is
the main focus of this chapter, results in a fixed gap between the lowest eigenvalues of the
BCFT with two distinct boundaries and the BCFT with identical boundaries [124].

We modify the conventional AdS/BCFEFT model by allowing the EOW branes with differ-
ent tensions to be connected at defects. Geometries with intersecting EOW branes were first
considered in [125]. In our model, we treat the defect explicitly by including an additional
contribution to the action from the intersection. Clearly, this defect leads to an interaction
between the EOW branes. We find that this interaction leads to several novel results:

e The defect modifies the lowest eigenvalue of the conventional AdS/BCFT model. In
fact, the lowest eigenvalue in our refined model continuously interpolates between the
identical boundary BCFT and the aforementioned spectral gap. We also include a bulk
conical defect on the gravity side, which corresponds to a boundary operator [126, 127,
125, 128, 129].

e The bulk theory we propose can also be considered as a gravity dual of a BCFT
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with corners [130, 131, 125]. In this duality, the corner on the boundary is in direct
correspondence with the defect on the EOW branes.

e The holographic entanglement entropy in our model exhibits three different phases.
This entanglement entropy can be seen as a toy model of a matter state prepared by
cosmological spacetimes [132, 133]. Interestingly, we have a phase that breaks the time
reflection symmetry, so the corresponding entanglement entropy is closely related to
the pseudo entropy [134].

e The defect enables us to construct a wormhole saddle that connects multiple AdS
boundaries, analogous to the replica wormhole with EOW branes considered in [89].
In our model, the wormhole saddle is allowed only when the BCF'T is non-unitary,
and this saddle is always subdominant compared to the factorized saddle without any
wormholes.

Overview

In Sec. 4.2, we present our refined AdS/BCFT model and its connection to BCFT with a
corner. In Sec. 4.3, we describe the bulk geometry that is dual to BCFT on a strip. In
Sec. 4.3, we compute the Euclidean action for our geometry and use it to confirm that the
BCFT has a richer spectrum in comparison with the conventional AdS/BCFT model. In
Sec. 4.5, we compute the holographic entanglement entropy and describe its three phases. In
Sec. 4.6, we construct wormhole geometries using our model. In Sec. 4.7, we conclude with
discussions and future directions.

4.2 Gravity Dual

In this section, we describe our proposed AdS/BCFT model in which the EOW branes are
connected at a defect. The geometry with such intersecting EOW branes was previously con-
sidered in [125], and we will give an explicit model with action which realizes such geometry.
We use our proposal to find the bulk dual of a BCFT with a corner.

In the original AdS/BCFT proposal[105, 106], the holographic BCFT was dual to an
asymptotically AdS spacetime M with an EOW brane ¥ anchored to the BCFT boundary.
This EOW brane might contain matter fields and have a non-trivial gravitational action.
We take the bulk theory to be Einstein gravity

1673GN /M \/§(R—2A)—87T1GN /N VK, (A1)

where N is the AdS boundary.

IEH:_
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The simplest EOW brane action is given by the Gibbons-Hawking boundary term plus
the tension term,

I = K T— \/ ) 4.2
BTW = 8’/TGN/\/_ * 87TGN/\/_ 87TGN/1" gFZN H(E,N)) ( )

Here hgy, is the induced metric and K, is the extrinsic curvature defined using the outgoing
normal vector. We also need to include the Hayward term for I's; i, the corner between AdS
boundary N and the EOW brane ¥, with internal angle 6(x; ). This action leads to the
equation of motion for the EOW brane

K = (K - T)hab' (43)

The boundary entropy Sp in 2d BCFT is defined in terms of the disk partition function
via Zpig = €° B [135], which counts the number of degrees of freedom on the boundary. The
tension 7" of the EOW brane is related to the boundary entropy as

Sp = garctanh(ﬁT), (4.4)

where ¢ is the AdS radius [136]. In this simple model, there are no interactions and no
intersections between EOW branes dual to distinct BCFT boundaries whereas for identical
boundaries, the EOW branes can be smoothly connected. This simple interaction leads to a
simple value for the lowest eigenvalue [124] that is highly non-generic, which we will discuss
in Sec. 4.3.

The new ingredient introduced in here is such an interaction in the form of a defect that
glues two distinct EOW branes. Since the dual spacetime terminates at some finite depth,
the spectrum is no longer that simple, and indeed we have a new lowest eigenvalue as we
show later. The simplest action for this defect is given by

1
_[ efect — — 6 (a N 9 . ' 45
defect 87TGN /F(a,b) \/M( 0:(a,b) ( 7b)) ( )

Here I'(, ) is the defect which glues two EOW branes ¥, and ¥;, and 0,y is the internal
angle of M at I'(, 4, see Fig. 4.1. Also, 6.(q,5) —7 can be regarded as the tension of the defect,
The action in (4.5) is called Hayward term [137] when 6., = 7, and has been considered
in different AdS/BCFT contexts in [109, 138, 139]. This Hayward term can be obtained by
taking a singular limit of the Gibbons-Hawking-York term where the boundary has a sharp
corner.

The total action is the sum of these three contributions,

]total = IEH + IETW + ]defect~ (46)

It is worth mentioning that this [, has UV divergences coming from the region near the
AdS boundary. To obtain a finite answer, these divergences need to be cured by introducing
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Figure 4.1: Sketch of our proposed gravity dual of BCFT. N is the AdS boundary where the
BCFT lives. ¥, and ¥, are the EOW branes, and I'(, ) is the defect connecting them.

a short distance cutoff at the boundary and including appropriate counterterms to cancel
the divergence.
The variation of I,y 1S

1 1
_ y— = o+ Ag, ) 0g™”
167G x /M\/g <Ru 2Rgu + Agu ) g

1
-y / Vh(Kos — Khag + Tiheg) 6h° —
—ab 87TGN %

1 1

e /F(a,b) (60:(ap) — Oy 6 /O 0y — iga;b e /F(Z,N) (7 —Ouny) 9, /90y (47)

In AdS/BCFT, the metric can fluctuate freely on ¥;, but not at AdS boundary N,
therefore

5[total =

1
87TGN

/ Vh (Kap — Khag) 5h?
N

{(Wz?‘vﬁ =0, 5h;f free, (48)
5\/m: 0, 5\/m free.
These boundary conditions at ¥; and I'(,p) result in the following equations of motion
Kap = (K = T;)hag, (4.9)
Oo:(ab) — Oap) = 0. (4.10)

These two equations determine the shapes of the EOW branes Y; and of the corner I'¢,p).
On the other hand, the above boundary conditions do not induce equations of motion at the
AdS boundary and I'(, n) because of the Dirichlet boundary condition.

Gravity Dual of BCFT with a Corner

In this subsection, we examine the gravity dual of BCFT with a corner as a simple example.
This dual is given by a vacuum AdS spacetime with two EOW branes glued at a defect.
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Figure 4.2: Two EOW branes embedded in Poincare AdS. They intersect in the bulk at an
internal angle ;) and on the boundary at an internal angle . The bulk region is dual to
BCFT on the cornered region N = D.

Consider the Poincare background for vacuum AdSs

2
ds? = E_Z(de + dy? + dz?) (4.11)
z

with ¢ being the AdS length. We restrict to the region
D:={u=reé’cClr>0,0<0<)} (4.12)

on the AdS boundary! with u := x +iy. Since this region has a corner at the origin, the bulk
geometry is dual to BCFT with a corner. The bulk spacetime we consider is a spacetime
bounded by two EOW branes anchored to 0D. The equation of motion for the EOW brane
fixes its shape to be a plane in (z,y,2) coordinates. Fig. 4.2 shows the bulk geometry
with these two intersecting EOW branes. Since the bulk metric is the Poincare metric, the
Fefferman-Graham expansion tells us that the stress tensor (T,,) vanishes away from the
boundaries.

Let us first assume that the two EOW branes have equal tensions, so the boundary
entropies for the two boundaries are identical. The dimensionless tension 7, = ¢T, of the
EOW brane is related to the internal angle 6, 5y between the brane and the AdS boundary
as

To = — cos b a,n)- (4.13)

Note that the allowed values of the tension are given by 7| < 1.

IThe region D can be mapped to the upper half plane via a singular conformal transformation, and
standard BCFT techniques can be applied [125]. See also [130].
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The internal angle vy at AdS boundary and the internal angle 0, 2y between EOW branes
are related as

01,2+ T2 .
arccos (% 2arcsin|T] < 0o <7 (4.14)
70 - 0 7—2 . . 414
21 — arccos <%> T < 0,9) < 2m — 2arcsin [T |

Since the configuration of the EOW brane is a plane in the (x,y,2) coordinates, 69 is
simply the angle of intersection of two planes.
For arbitrary tensions 7; and 75, we have

(1 recos [ 00+ TiTe
2 (177-12)(177-22) )

arccos (\/(1-TP)(1-77) = TiT2 ) < f(1,2) and
12) < T — arccos (/A -T(1 - T2) + TiTz) ,

) 4.15
E 7 — Larccos [ =2fua TP (4.15)
2 (177—12)(177—22) )
m+arccos (V1 -T7)1 - T7) + Tz ) < 01,2 and
\ 9(1,2) < 27T—arCCOS(\/(l_le)(l_/BZ)—ﬂE).

In the following sections, we will use this geometry to construct the gravity dual of BCFT
on a strip.

4.3 BCFT on a Strip

In this section, we construct the gravity dual of BCFT on an infinite Euclidean strip by
using our refined model for AdS/BCFT. We suppose that conformal boundary conditions a
and b have been imposed on the two boundaries of this strip.

Let us first review the conventional AdS/BCFT model which does not have any defects
connecting the EOW branes. When the two boundary conditions are identical, the dual
is given by thermal AdS with the EOW branes being connected without any defect (if the
two boundaries are sufficiently close to each other) [105, 106, 124]. In this case, the lowest
eigenvalue was found to be Eﬁ%T = —57 where Aw is the width of the strip. This spectrum
corresponds to the conformal dimension of the boundary condition changing operator being
bl = 0.

When the boundary entropies of two boundary conditions are different, the dual geometry
is given by two disconnected EOW branes in the Poincare background. As the result, the

lowest eigenvalue for the BCFT was found to be EE%T = 0, which corresponds to h'(fi) =L

ﬁ .
These two results imply that there is no operator with conformal dimension between h?accb) =0

and hl(’cfj,) = 5; in the conventional AdS/BCFT model.

In the following subsections, we generalize this simple spectrum by introducing a defect
that can connect the EOW branes, even if they have different tensions, or equivalently,
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different boundary entropies. This will allow us to obtain any value for the lowest operator

dimension between h?;fb) = (0 and h'(f’;z) =L

Bulk Geometry

We are interested in constructing the gravity dual of an infinite Euclidean strip of width Az.
Let us start by considering the thermal AdS3 geometry with two EOW branes connected
through a defect. The metric of the thermal AdS; without any branes is

dr? dy? h(x)
ds? = (2 ( + + d 2) . 4.16
22X hO)x® X2 ¢ (4.16)

Here h(x) = (1 — x?), with 0 < x < 1. We denote the periodicity of the Euclidean time 7
as Tdpr = 2m20x s which is assumed to be large compared to z so that the thermal AdS
saddle is dominant compared to Euclidean black hole. The ¢ coordinate has period 27 so
that there is no conical defect at y = 1. Note that zy sets the length scale for the BCFT.

Let us first embed a single EOW brane without any defects in this geometry. Since the
brane satisfies the equation of motion in (4.9), its profile is

Tx
o(x) = ¢(0) £ arctan —=——, (4.17)
Vh(x) = T?
in terms of the dimensionless tension 7. As explained in the next subsection, a bulk coordi-
nate transformation can be used to show that this configuration is equivalent to EOW brane
with tension 7 anchored to a line in Poincare AdS. The deepest point that the EOW brane
reaches before turning back towards the AdS boundary is

X =xo(T)=v1-T=2 (4.18)

Next we consider two EOW branes >; and Y5, with dimensionless tensions 77 and 7s,
respectively. We assume that these tensions satisfy |Tz| < |71], without loss of generality.
The branes are anchored to the AdS boundary at I'' vy = {x =0, ¢ =7 —a} and I'y y =
{x =0, ¢ = ™+ a} respectively, with some a € (0,7). As mentioned earlier, M denotes
the bulk region between these branes. Its boundary OM consists of the two EOW branes 33,
and Y, along with a region on the AdS boundary, N = {xy = 0,7 —a < ¢ <7+ a}. From
the perspective of the AdS boundary, the angular size of N is A¢ = 2a. The width of the
strip is Ax = 2azp.

We want to calculate the angle 6 5) at which the two EOW branes intersect in the bulk.
Depending on the value of o, the bulk geometries are qualitatively different, so we need to
treat the various cases separately.

As an illustration, let us consider the case where 77,75 > 0 and « is small, in particular,

/1_T2
0<a< i+ % arctan 2 721 ;—12 . We will state the results for the other cases momentarily. A

1 2
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(- a)gj”/ % a

Figure 4.3: A constant 7 slice of thermal AdS with two EOW branes, 3; and Y5, meeting
at the corner I'(y ).

constant 7 slice of the bulk geometry, in this case, is shown in Fig. 4.3. The profiles of the
EOW branes in the intersection region are

Tix Tax
$1(x) = —a + arctan ——=——, ba(x) = a — arctan ———=2——. (4.19)
h(x) — T h(x) = T3
To obtain the intersection point x., we set ¢1(x.) = ¢2(x«) to get an equation for y.
arctan —— 11X + arctan S5 CR— (4.20)
h(x«) — 7_1‘2 h(xs«) — 7-22

This x. increases monotonically with a. The upper bound on « for this case is attained
when Y, equals the maximum value xo(7;) = /1 — T2 2, and the explicit value is o =

Ta/1-T2

1 . .
Tt3 arctanﬁ as stated above. The angle of intersection between the two EOW

branes is

VIO = T — ) - TiTs
h(X*)
Now we state the result for general o. Assuming that the tensions satisfy the condition

0(1,2) = arccos (4.21)

2This maximal value corresponds to the deepest point on ¥; because we have assumed that |T1| > | T3],
which implies that xo(71) < x0(72)-
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| 75| < |T1], the equation to obtain the intersection point is

;

Tixx Tax _ x| sgn(T1) T2\/1-T7
arctan —=22~—— + arctan —2X—| =2 0<a< 4+ =2=arctan — 20—+
PR e A T | T A Y =k
Tixs Toxe _ x  sen(Th) Tey/1-T¢ n
arctan —2-—= — arctan ——=—| =1 — 2«¢ T+ =5~ arctan —(——— < a < 3
) VhO)-T2 VhOe) -T2 T 2 -1 >
arctan —LX — _ arctan ——2X | =2 — 7, I < < 3¢ — 207) arctan 2270 M?,
V/h(e) -T2 Vh(e) -T2 2 4 2 TP -T5
Tixx ToXx _ 3w sgn(71) Ton/1-T¢
\ arctan \/h(;—TTf + arctan \/ﬁ =21 — 20, F — =5 .aurct.aunTT;2 <a<m,
(4.22)
and the angle of intersection is
(
h )= 2 h )= 2\ __ _T2
arccos V(0e) =T (RO) ~TE)-Ti T , 0<a<4 8T nepan 2V T ,
h(x+) 4 2 T2_T2
h(x=)—T2) (h(xx)—TF T Tar/1-T2
arccos [ — Y0 D) T 2) | n oy %arcmn;\;_; <a<t,
0,2 = b
’ h(xe)—T2) (h(x+)— V1-
27 — arccos | — V() 7;22((;33 ) TQQHTIB) , I<a<im- —Sgnéﬂ) arctan 2270 7121’222’
h(xx)— h(x=)—T3)— 1-T2
27 — arccos AU 7122((;5) )=TF) TlTQ) , = % arctan% <a<m.
\ 1 2
(4.23)
Here, sgn(z) := 2 18 the sign function. Note that these results are valid even when one or

both tensions are negative.

The equation of motion (4.10) fixes the angle of intersection to be 01,2 = 0o. This
determines the value of «, and hence, the geometry in terms of 6y and the tensions of EOW
branes. Indeed, substituting 0 9y = 0y in (4.23), we get

X*:\/l_Tf—i—TgQ—i-QTngcos@O‘ (4.24)

sin? 6,

Also, the value of o that corresponds to this 6 is

%arccos —COS(’O;F 7172 — |,
A-T7)A-T5)

arccos (/1 -T2 -T2 — T2 ) < Oy and

0y < m —arccos (A -THA -T2 +TiTz),

(4.25)
cos Qo+T1 T2
=1)(1-73) )’

7+ arccos (v/(1 -T2 - T3) + ThiTz ) < Oy and
L 0y < 2m — arccos (V1 - TA)(1 - T2) - TiT2) .

(

Qg =
™ — %arccos (

Note that (4.24) and (4.25) are symmetric in 77 and 7z, therefore the formula applies even
when |7 < |72]. Moreover, this result for oy is identical to (4.15) if we identify vy with 2a.
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In fact, the two bulk geometries can be identified by a bulk coordinate transformation which
maps the infinite strip N to the cornered region D, as explained in the next subsection.

Let us now analyze the dependence of ag as we vary 6, for various values of the tensions.
When the two tensions are equal 7; = 75, then 6 is a continuous function of ag. In this
case, (4.24) and (4.25) simplify to

X = B sin2Z)/2)’ (4:26)
and
Y 3 arccos (%) : 2arcsin [T| < 6y <, (127)
N P 1 arccos <C°S(’°+ ) m < 6y < 2w — 2arcsin |T]. '
If we also set 6y = 7, then we get ag = 7. The dual bulk geometry has a smooth EOW

brane geometry without any defect, which is the same as the conventional AdS/BCFT model.
Conversely, we find that 6y = 7 is possible only if T3 = 7s.

When T; # 7T, the curve for 6y has a discontinuity at ag = 7/2. While all other values
for ag are valid, oy = w/2 is disallowed. This is because as we send 6y to its corresponding
value, the defect approaches the boundary and one of the EOW branes disappears. For
ap = 7/2, we only have one EOW brane and no defect, so this value needs to be excluded.

Conical defect in the bulk

So far, the geometries we have considered have a defect only on the EOW brane. We can
construct more general geometries by including a bulk conical defect as well. First, we
consider the metric (4.16), and embed the EOW branes whose profiles are given by (4.17)
with internal angle 0(; 2. A bulk conical defect located at x = 1 with a deficit angle of A¢
can be introduced by identifying ¢ = ¢y and ¢ = ¢g + A¢ in the geometry (4.16). Here, ¢g
is chosen such that the region given by ¢ € [¢g, ¢o + A¢y] is contained within the spacetime
M which is bounded by EOW branes. This is possible if and only if

Ti, To > 0, 200 > Ab. (4.28)

The first condition 77, T3 > 0 is required for y = 1 to be contained in the geometry, and
the second condition prevents self-intersection of the EOW branes [125]. For more recent
analysis, see [126, 127, 128, 129, 140].

Extention of Boundary Conformal Transformation to Bulk

Let us examine the bulk coordinate transformation from the Poincare patch to another
coordinate patch. This transformation is dual to the boundary conformal transformation
from a plane to a 2d patch. In particular, we use this to procedure to find the map between
vacuum AdS and thermal AdS.
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The Poincare AdS; metric is
62
ds® = g (—2dvydo_ 4 dz?) . (4.29)
Here we have used the light cone coordinate vy := \/ii(t + r) for the Minkowski space

ds? = —2dv,dv_ = —dt? + dr? at the boundary of AdS.
Suppose we have a conformal transformation vy = fi(us) that acts on the boundary.
We can extend this to a bulk coordinate transformation via [141]
. 2C2f§:(ui)2f” (U’:F)
ve = f2(us) + s ooy
8C(f (wi) s (u )2
= S ) () ) (u )

(4.30)

where ( is the new radial coordinate. This bulk transformation maps the Poincare AdSs
metric to

2 d¢® 2 ¢?
ds? = (2 <2 +L+duJr + L_du® — <2 + L+L dujdu_ | . (4.31)
Here L. are related to the Schwarzian of the conformal transformation and are given by
1 3f//2 _ ij: "
Ly =—= = —. 4.32
Hence, the CFT stress tensor in the transformed coordinates is
c
Tuiui = EL:tv Tu+u, = 0. (433)
The analytical continuation of vy to imaginary time is
t+r —iT+r
vy = — 4.34
R (434)
Similarly, for ds* = —2dz,dr_ = —dt2 + 22d¢?, we have
t, £ —ir, £
uy = wEH9 T £ %9 (4.35)

%
V2 V2
In these complexified coordinates, the conformal transformation can be rewritten as v =
r+ir =g(u), v =r —ir = g(u) with u := 20¢ + i7y, @ := 20¢ — iT,. The metric is

ds? = ¢ (CL; + Ldu® + Ldu® + (é + ¢2LL> dudu) . (4.36)

where we have defined

L= {glw)u} = —3(f-(u),u}, (4.37)
L=~ {g(),3) = 3 {f(us), us ) (4.38)
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Mapping a plane to a cylinder
We consider a conformal transformation from a cylinder to a plane,

—u

v = zpe ", 7= zpe7 . (4.39)
Here we have defined the coordinates on the cylinder as
U= z2pp +1iT = —V2u_, U= 290 — it = V2u,, (4.40)
and the coordinates on the plane as
vi=z—iy=—V20_, T:=z+iy=+2v,. (4.41)

W2y,
This conformal transformation can be also be expressed as vy = :I:\Z/—%e 20 E,
Applying (4.30) to this conformal transformation, we obtain the bulk transformation

between the Poincare metric, ds? = ﬁ—z(de + dy? + dz?), and thermal AdS, ds? = €2< dr?

zgxz
ey h(X)d¢2), to be

h(x)x? X2

P e VA

— Zoei(u-ﬁ-‘i’u—)/(\/ﬁz‘))x'

420¢
2+422°

where we have related xy = This can also be expressed as

x = ze™/#\/h(x) cos ¢,

y = 20€™/*0\/h(x) sin ¢, (4.43)

z = zpe™/70y,

For this transformation,
1

Lo=——
+ 2287

(4.44)

so the stress tensor is given by

T‘r‘r:_%_ <

(4.45)

2 2
25 24725

4.4 Euclidean Action and the BCFT Spectrum

In this section, we compute the Euclidean action for the bulk geometry dual to the strip.
This action is directly related to the lowest eigenvalue of the BCFT.
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First, consider the case with no conical defect in the bulk. After an explicit computation,
we find that the total action given by (4.6) is

2

[67) 1 7;
—= + % ; <\/?7;2 — arccos 7;)] ) (4.46)

where we have introduced the short-distance cutoff ¢ at the AdS boundary to regulate the
UV divergences.

To cancel these divergences, we need to include boundary counterterms. These coun-
terterms must be covariant and local, and are chosen to cancel the divergences. In our
case,

@XH
Ioa:_
total = o oy

— arccos 7,
fe = 87TGN€ / ham Z 871Gy VI

La,n)

9 (4.47)
_ b (L oy D3 | Z
QGN 62 2 A/1 4GNE
On including these counterterms, we obtain the Euclidean action
[po Xt € e (4.48)
4GN 671'5
Here we have defined the aspect ratio £ := Ax - Tgcpr in order to have scale-invariant

expressions. We have also used that the width of the strip is Ax = 2ap2zp and the central
charge is ¢ = %
As an example, let us consider the case 7T; = 7T and ag = 7, for which the EOW branes

do not have a defect. Then the action is given by

con __ mc

E_E7

where the superscript denotes that this is the answer in the connected phase of the conven-
tional AdS/BCFT model.

Let us generalize the above result to geometries with bulk conical defects, assuming
Ti, T2 > 0. The action can be obtained by subtracting off the contribution corresponding
to the bulk portion that gets removed due to the conical defect. The result is

¢ A Ad\?
Ip = 421; (ao - 7¢) - —é (ozo - ngs) . (4.49)

Here we have used that the width of the strip is Az = (2ap — Ad)z
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Relation with the BCFT Spectrum

In this subsection, we examine the spectrum of the BCFT on a strip of width Az. This
BCFT is dual to the bulk geometry that is bounded by two EOW branes that are connected
at a defect and it also has a conical defect in the bulk. For this purpose, we consider the
partition function Z2J" (T, Az), where Tylpr is the periodicity in 7 direction which
we will take to be infinitely large. In this limit, we have

gBCFT (=1 Aoy —EBSTT Ty A

ab (Tgeprs Ar) Ao Toopr0 e ) (4.50)
where EPFTT is the lowest eigenvalue of the BCFT Hamiltonian HJP*". In general, the
corrections to the above equation are exponentially suppressed. Using this lowest eigenvalue,
we can define the spectral gap as

1 1
AEBCPT . pBOFT L peerr L psorr (4.51)

2 2

Suppose the EOW branes have dimensionless tensions 77 and 73. Since Z ~ e '# and
using (4.49), the lowest eigenvalue is

Ap\?
pEBoFT _ __ € _22) 4.52
@b 6mAx <a0 2 ) (4.52)

The condition for the boundary changing operator to be the identity operator is

Ap
g — —— = —
0 9 9 )
so the corresponding lowest eigenvalue is
EROFT _ __TC 453
[l,b 24Aw ( )

This situation includes the conventional model where the EOW branes are connected and
have identical tensions, and there is no bulk conical defect. In particular, when the two
boundary conditions are identical, we have EPJFT = — e,
The lowest eigenvalue of any unitary BCFT must be higher than this value. Therefore,
if we demand that the BCFT is unitary, the following condition needs to be satisfied
A¢

0<ap— 5 < g (4.54)

Therefore, for a fixed ap, the spectrum obtained for an arbitrary A¢ subject to (4.54) satisfies

2
age

0" < EBOFT 4.55
6rAr — b = ( )
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We note that (4.55) generalizes the lowest eigenvalue dictated by the conventional AdS/
BCFT model. In the conventional AdS/BCFT, neither intersections nor interactions between
distinct EOW branes are allowed, so such EOW branes are disconnected. As the consequence,
the lowest eigenvalue is given by

EXTT =0. (4.56)

The gravity dual that we have constructed using the defect on EOW branes generalizes this
lowest eigenvalue to go below (4.56), for any choice of the two boundary entropies. Note that
when two boundary conditions are identical, the lowest eigenvalue is given by the identity
operator, so the dual geometry corresponds to 0y = m with A¢ = 0 and oy = 7/2.

Finally, we note that oy = /2 is allowed only if 77 = 73, so there is no longer a defect
on the EOW branes. This implies that we can attain the lowest eigenvalue (4.53) only when
the boundary entropy of the two EOW branes are identical. In this case, the bulk conical
defect can reproduce the spectrum

e
— < EBCFT <, 4.57
2UAy — ¢ (4.57)

For 71 # T3, the corresponding « can be made arbitrarily close to m/2 by tuning 6y, but
equality cannot be achieved.

To summarize, a key advantage of our model is that it has a rich spectrum even if two
boundary entropies are distinct, as opposed to the conventional AdS/BCFT model which
has fixed lowest eigenvalue (4.56).

CFT stress tensor for thermal AdS

The above results for the lowest eigenvalue can also be derived by analyzing the metric near
the AdS boundary, without knowing the details of the bulk geometry. Rewriting the thermal
AdS3 metric in Fefferman-Graham coordinate, we have

2 14 2r2 4+t 1—2r2 474
2 . 2 2 2
dspe = ) (dr + o dr” + — do¢” ), (4.58)

with x = 1-2:7«2' Then the dual CFT stress tensor is given by [142]

_ agy?
¢ 1 _cfo-5) (4.59)

(Trr) = = {Tow) = 167Gy 22 61 (Ax)?

The lowest eigenvalue can be obtained by integrating the CF'T stress tensor on the width of

the strip, Ao )
* A¢
EBCFT _ _/ Az (T..) = — ¢ _ =7 4.60
e i = (0= 5 (4.60)

which matches our previous result.



CHAPTER 4. HOLOGRAPHIC BCFT WITH A DEFECT ON THE
END-OF-THE-WORLD BRANE 58

Relation between bulk mass and the spectrum

In Euclidean global AdS3, a massive particle at the center is described by the metric

2 -1 2
ds? = (2—2 +1-— ,u) dr? + ¢* (2—2 +1 - ,u) dr? + r*dg>. (4.61)

Here the mass parameter p is related to the mass m through
1w =8Gnm (4.62)

Also, 6 is periodic with period 27.

When 1 < 1, the massive particle corresponds to a conical defect with deficit angle
AO = 27\/T — u. When p > 1, this geometry is a Euclidean BTZ black hole. The relation
between p and the lowest energy eigenvalue can be obtained from (4.52). In particular, when
the EOW brane has no defect i.e., og = 7/2,

24hpee
o0/T—p—1=1/1— —@ (4.63)
c
where h'&fﬁ)) is the chiral conformal dimension of the boundary condition changing operator.
This relation perfectly matches the corresponding relation found in [126].

Spectral Gap in Liouville Theory

In this section, we show that Liouville theory with ZZ boundaries [143] gives a spectral gap
AEZFT which is similar to that of our gravity dual. We emphasize that this match is only
a formal analogy because ZZ boundaries in Liouville theory have very different properties
compared to the usual conformal boundaries of unitary BCFTs.

For comparison, the spectral gap for our gravity model without bulk conical defects is

2

BCFT _ _TC _ % e
AL = SiAg (1 (w/2)2> < [0’ 24Ax] ‘ (4.64)

The central charge for the Liouville theory is ¢ = 1 + 6Q? where Q = b+ b~!'. The
semiclassical limit ¢ — oo can be obtained by taking b — 0. The degenerate representations
appear at conformal dimensions

@ (mfb+nb)

A = 4.65
(man) = 7 1 (4.65)
and the corresponding degenerate characters are
q—(m/b+nb)2/4 _ q—(m/b—nb)2/4 o
Xmn(T) = , q:=e", (4.66)

n(7)
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where n, m are positive integers. A, ) are negative except for A(; ;) = 0. Therefore there is
no direct connection between Liouville ZZ boundary states and our holographic construction.
Nevertheless, when we restrict our attention to the spectral gap AE(EZ,CFT, we can find an
interesting formal match.

The inner product between two ZZ boundary states |By, ) is given by [143]

min(m,m’)—1 min(n,n’)

_ 1
<B(m,n)|e 6H/2|B(m’,n’)> = Z Z XmA4m!—2k—1,n4n’'—21—1 < ) . (467>

BlscrT
When we take the limit STgcpr — 0, the term with k£ = [ = 0 dominates, so
—AzH
<B(m7n)|€ |B(m,7 /)> N e_A (13"?”) (m/,n’) TB_éFT’ (468)

\/<B(m’n)‘€_A$H|B(m7n)><B(m/7n/)|e AxH’B /, /)> Az-Tgcrr—0

where
T

2
BCFT . m —m’
AEG ) (m ) = AL ((n n' )b+ 2 ) . (4.69)

We consider b < 1, which corresponds to the large ¢ limit. Assuming that m = m' and
In —n'| < 1/b% + 1, the spectral gap ranges between

BCFT m(c—1) . rmc
0= ABmmmm) < Saxe ~ 2aas
This result matches the spectral gap in our AdS/BCFT model. However, we should reem-
phasize that match between Liouville theory with ZZ boundaries and our model is only
formal which is clear from A, ) being negative. Moreover, there is another peculiar feature
about ZZ boundaries that distinguishes them from usual BCFT boundaries. Namely, we
have

(4.70)

om —1\°
EQOMY ) = 4M ((2n—1)b+ mb ) , (4.71)

which is distinct from (4.53) although this amplitude is between identical states. This
mismatch also disallows us from interpreting the Liouville theory with ZZ boundaries as the
usual BCFT.

4.5 Entanglement Entropy and Entanglement Island

In this section, we study the holographic entanglement entropy in our model. We use the
Ryu-Takayanagi (RT) prescription to compute this entanglement entropy. We restrict to
the case with no bulk conical defect.

We start by considering a normalized boundary state for a conformal boundary condition
B, prepared on a circle with circumference T,

6—%HCFTA$ |Ba>

’Ba(AHL'/Z)) - \/<B ‘e*HCFTA‘T’B >

(4.72)
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This state is often used to model an initial state for a global quantum quench[144, 145].
In the following, we consider the entanglement entropy of a superposition state

) = 3 ol Bu(Aa/2), (473)

where the ¢,’s are complex coefficients. We restrict to the case where the boundary entropy
Sp, is equal to a fixed value Sp (or it is in a narrow window around Sg) for the boundary
conditions B, appearing in |¥). Let Ng, be the number of such boundary states.

We assume that the inner products (B, (Ax/2)|By(Ax/2)) have holographic duals with a
defect connecting the EOW branes. For simplicity, we assume that 0, ) = 7 and 6,4 = 0o
when B, # B,. Under these assumptions, the geometries with 0,5 = 0y dominate the
gravitational computation for (B,(Ax/2)|B,(Ax/2)) if

. c 72
E lca|® < g crep | exp [_67TA:U (Z - ag)} : (4.74)
a=1 a,b=1
a#b

If all the ¢,’s are approximately equal, then this condition can be satisfied only if Ng, >

exp [eﬂcm« <WI2 — a%)} . Since the gravity dual for (¥|¥) is given by the geometry with 6, ) =
o in this case, the RT surfaces in this geometry compute the entanglement entropy of the
state | ).

One can also understand this RT surface in terms of the pseudo entropy [134]. The pseudo
entropy is given by the von Neumann entropy Sp(A) = — Tr[X4log X 4| of a normalized

transition matrix X 4. In our case, this transition matrix is

X, o T [1Bu/2)) (B /2)|
" Tean [Bu(Ba/2) (BB /2)]]

(4.75)

Three Phases of the RT Surface

In this subsection, we will use the RT surface prescription to compute the entanglement
entropy for a subregion [144, 145] of the state |¥) or the pseudo entropy for X 4. We assume
the tensions of the EOW branes are equal, 77 = T = T, and 7T is the corresponding
dimensionless tension. Also, the internal angle at the defect is 6. We assume the bulk
conical defect is absent for simplicity.

Recall that our BCFT is defined on the strip

N={(r,1=20) | 0<7 < Tprs ™— @ < ¢ <7+ g}, (4.76)
so the width of the strip is Ax = 2z5. On this strip, we consider the subregion

A={(r,z=2(r—0)) | 0<71<]|A|}, (4.77)
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T2

Figure 4.4: Thermal Phase of the RT surface for the boundary subregion A.

with a particular value of o € [0, ). Since 7 is periodic with periodicity Tyydpp and [¥) is
a pure state, it is sufficient to consider the case |A| < Thlpyp/2. There are three different
phases of the RT surface described below.

Case 1: Thermal phase

In this case, the RT surface is a single connected surface. This surface is shown in Fig. 4.4
and we label it as ;. This phase is realized when the subregion A is sufficiently small. We
will see that the entanglement entropy is extensive in this case.

The bulk geometry has reflection symmetry about the ¢ = m — o plane, so the 7, lies on
this plane. This surface is given by the geodesic

\/1—X2=\/1—X3C08h7—_7-0 (4.78)

<0

with the parameters being
A
, Xo = tanh u (4.79)

T0 — .
220

o[z

Note that (7, x, ¢) = (70, X0, T — ) is the deepest point on this geodesic. If the maximum
depth yq is sufficiently large, v; will be cut by the EOW branes in the negative tension case.

Therefore, the thermal phase with 7 < 0 exists only if 7 > — —~an(@o—o)sech(A1/2z0)
\/tan(ozo—cr)2+tanh2(|A|/2zo)
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The length of this RT surface is given by

X0

X0
A(m) = )
) 2e/dXX\/(1—X2)(X(2)—X2) (480

1 — €2/42
= 2( arctanh =</ (4.81)
1 — e

2 1 — 2
~ 20log = — (log —0 (4.82)
€ Xo
Using the value of yg, the holographic entanglement entropy is
A c, 2 ¢ )
S(A) = 42?;,) =3 log - + 3 log sinh(|A|/2z). (4.83)

Since this result is independent of o, analytically continuing it to real time does not give rise
to any time dependence. For large |A|, this entropy demonstrates the volume law

A
S(A) = -log— 4+ — — - log 2, (4.84)

at an inverse effective temperature,

By = 2Tz = 5 (2Az). (4.85)

T

Qo
There is a prefactor ﬁ here, which lowers the effective temperature for the same Ax for a
given oy < /2 as compared to the conventional case for which oy = /2.

Case 2: Boundary phase.

In this phase, the RT surface has two disconnected pieces that end on the EOW branes. This
surface is shown in Fig. 4.5 and we label it as 75. This phase is preferred over the thermal
phase for sufficiently large |A|. We will see that the entanglement entropy is intensive in this
case.

Each piece of 75 lies on a constant 7 surface because of the 7 reflection symmetry. These
pieces are given by the geodesic

V1 —=x2cos(¢p —m+ 0+ ¢g) = cos . (4.86)

Here we have determined the parameter ¢y = oy — o by requiring that the geodesic intersects
the EOW brane orthogonally. The endpoints of 75, lying on the EOW brane ¥, are given

by Xep = V1 — T?2sin(ag — o).
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T2

Figure 4.5: Boundary Phase of the RT surface for the boundary subregion A.

If ag < /2, or equivalently, 0y < 7, this geodesic exists for all values of 0. If ag > 7/2,
the critical value corresponds to the endpoint lying on the defect. This is given by xep, =

Xx = \/ 1 — T2csc2(%), so the condition for the existence of this geodesic is

T ’cot(%l)‘ s
ap — o0 < arccos ———. .
i 487)
In particular, this surface exists for o = 0 if and only if oy < /2.
To find the length of this RT surface, let us first specialize to 0 = 0. For 7 > 0
sin ¢o /s (b sin ¢g /s ¢
Sin Qg S @Po
A(y) =2 / dy + / dy (4.88)
/T xv/hlx) — cos® do J xXv/ h(x) — cos? gy
. x) — cos?
~ 20 log 2510 o + 2/ arctanh Vhix ) cos” o (4.89)
sin ¢
94
= 2(log 2sin(ao) + 20 arctanh |T. (4.90)
and for 7 < 0,
Xi (sind
S1 @g
A(72) = 2/dx (4.91)
J VA0 — o d
2 s h(x;) — cos?
~ 2(log Singo _ 2( arctanh v (X> cos* o (4.92)
€ sin ¢
2 sin(ap)
= 20log ———= — 2{ arctanh |T]|. (4.93)
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For non-zero o, we just need to shift oy to (ap — o) to adjust for the angular separation
between A and ;. The final result is

2
A(v,) = 2llog — + 2¢log sin(ay — o) + 20 arctanh T, (4.94)
€

so the holographic entanglement entropy is

2
Sy = 'jgj) = glog - + glog sin(ag — o) + 25p. (4.95)
Here Sp is the boundary entropy
Sp = garctanh T, (4.96)

which can also be obtained using the disk partition function [106]. Note that there is an
extremal but not minimal surface 7} ending on the other EOW brane 3, i.e., the EOW
brane anchored at ¢ = 7 + «y. For this surface, we have

Al) _ ¢,

2
Gy 3 0g — + glog sin(ag + o) + 25p. (4.97)

The surface ~% exists wh < Teot(4)
e surface 7, exists when ag + o < arccos ———.

When we analytically continue this Euclidean entanglement entropy to real time, it is
important to consider both A(7,) and A(75), as well as cases where the two pieces of the
RT surface ends on distinct EOW branes. To evaluate the entanglement entropy of the

71HCFTt|\Ij> 'Z‘g;) and “ngv) by taking o — —i%. After this

substitution, these two extremal areas are complex conjugates of the other, A(vy) = A(75).
The total areas in the other two cases are purely real and are equal to Re [A(72)] = Re [A(74)]-
Therefore, the real time entanglement entropy is given by this real piece,

state e , we analytically continue

A(2) & 2 ¢ cosh(2t/zp) — cos(2ap) c
Sa=R =—-log—-+ -1 255 — =log 2. 4.98
A e[4GN 38C 5% 2 Teom T8 (4.98)
At late times t > zj, this entanglement entropy is
c 2 ct
Sa~ -log—+ — +25p. 4.99
AR 5108 + P + 258 (4.99)
Hence, at late times satisfying
’A‘ 62083
> b ZROPB 4.100
s (4.100)

the thermal phase will be favored over the boundary phase.
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21

T2

Figure 4.6: Defect Phase of the RT surface for the boundary subregion A.

Case 3: Defect phase.

In this phase, the RT surface has two disconnected pieces that end on the defect. This
surface is shown in Fig. 4.6 and we label it as v3. As in the boundary phase, the entropy is
intensive. This phase is always subdominant compared to the boundary entropy phase if the
latter exists. Therefore, this phase is realized only when the subregion is sufficiently large
and the boundary entropy phase is absent. For this reason, when «y < 7/2; this phase is
irrelevant.

As earlier, each piece of 3 lies on a constant 7 surface. These pieces are given by the
geodesic

V1 —x%cos(¢p —m+ 0+ ¢g) = cos P, (4.101)

sin(fo/2)+T coso
T sino

Here we have determined the parameter ¢, = arctan by requiring that the
geodesic passes through the defect.
If 7 > 0 this geodesic is guaranteed to exist. However, when 7 < 0 this geodesic

exists only if o < 2 arctan (tan (%) %). This implies that this phase always exists

around ¢ = 0. The computation of the length of this RT surface is similar to previous case
with ¢ = 0, and we get the final result

A(7s) 2 1. (sin(%)+ T coso)?
=log =+ =1 . : 4.102
R T BT T @ 4.102)
The holographic entanglement entropy is
.A(’)/g) C 2 (& sin(90/2) + T coso
Sa= =—-log—+ -1 25p. 4.103
AT Gy 3 RT3 ) T (4.103)
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Here we have defined

o sin(6p/2) + T
5= o8 G 2 =T
and we call it the defect entropy. This defect entropy can be considered as a generalization
of the boundary entropy Sp and it reduces to Sg if we make the defect disappear by setting
Oy = .

As mentioned earlier, the boundary phase is favored over this phase, A(y2) < A(73), if
both phases exist. This is because 7, is minimal amongst all surfaces that end on the EOW
brane.

The real time entanglement entropy is given by analytically continuing o — —i%, SO

(’Tcosh(t/zo) + sin(0y/2)
T + sin(6y/2)

(4.104)

c 2 ¢
SAzglogE—FglOg

) +25p. (4.105)

Note that this result is manifestly real unlike case 2. At late times ¢ > 2y, this entanglement

entropy is

9 ,
Sy~ Elog— + < +25p — Elog2(T+Sln(90/2))

3 "€ 3z 3 T '

It is also worth mentioning that the 75 is minimal but not extremal because of the singular

nature of the defect. One can imagine a scenario when there is a matter theory on the EOW

brane which smoothly interpolates between the two different tensions of the EOW branes,

and the defect is realized as the sharp limit. In this case, the RT surface is extremal and the
distinction between cases 2 and 3 disappears.

(4.106)

Interpretation as Entanglement Island

In this subsection, we explain and interpret the results in the previous section in terms of the
island formula. We interpret the state |¥) as a field theoretic wavefunction being prepared
by a matter field that lives on the EOW brane. In other words, the EOW brane is now the
spacetime on which a quantum state |¥) is prepared [132, 133]. We are interested in the
entanglement entropy of a subregion A of the state | ). We assume that the matter theory
is a holographic BCFT to simplify the analysis [146]. When the effective temperature of |¥)
is sufficiently low, the EOW branes in the bulk are disconnected. When the temperature is
sufficiently high, the EOW branes are connected via a defect, creating a closed universe that
terminates at this defect.

The three phases of the RT surface in the previous section can be interpreted as the
phases of the entanglement entropy of A [133]. When the subregion is sufficiently small, the
entanglement entropy is given by the thermal answer from matter theory. This corresponds
to case 1. When the subregion is large enough so that the naive thermal entropy is much
larger than the boundary entropy, then an entanglement island is formed on the EOW brane
(case 2) or on the defect (case 3).

In case 2, the two pieces of the RT surface can end on the same EOW brane or on
different EOW branes. However, the “island” in the latter case cuts through the defect
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on the EOW brane, so the corresponding entropy increases by the boundary entropy of the
defect coming from the matter field on the EOW branes. Consequently, it can be argued that
this configuration is subdominant when we are looking for the island. As the result, the island
lies only on one of the two EOW branes. The bulk matter wavefunction on such an island
is a transition matrix, so the matter part of the generalized entropy is given by the pseudo
entropy. It is expected that there is a generalization of entanglement wedge reconstruction to
such cases, although there are no quantum information theoretic foundations for this claim
yet.

In case 3, the RT surface ends on the defect. This can be interpreted as an island lying
exclusively on the defect. Therefore, a portion of the defect is included in the entanglement
wedge of the subregion A.

4.6 Three-dimensional Wormhole Saddles

In this section, we construct a connected bulk geometry with multiple AdS boundaries using
our model of EOW branes and defects. This geometry is similar to the replica wormhole in
2d gravity with EOW branes [89]. However, we will be interested in defects with 6y > 7, so
these defects have negative energy.

One way to add such negative energy in the bulk is by adding non-local interaction
between different boundaries [147], which can originate from integrating out “fast” degrees
of freedom. Such non-local interaction between boundaries can make a non-traversable
Einstein-Rosen bridge traversable, so that different boundaries can communicate with each
other [147, 148]. We interpret our model in this section as a realization of such non-local
interaction between BCFTs, and the non-unitarity of the BCFTs with 6, > 7 comes from
such non-local interactions obtained by integrating out these fast degrees of freedom.

Let us consider two BCFTs that live on two different strips with widths Ax; and Ax,
respectively. They have the same periodicity TgéFT in 7 direction, so the aspect ratios are
&1 = Axy - Trepr and & = Axs - Teepr. Fig. 4.7 shows a constant 7 slice for this setup.

We assume that the tensions satisfy 77 = T3 and T, = T}, and that the angle of intersection
between the Y, X3 EOW branes and the X5, ¥4 EOW branes is 8y > 7. This assumption
is required to get connected geometries. it implies that ap > 7 and that the BCFTs are
non-unitary.

The factorized geometry is shown in Fig. 4.8. The Euclidean action for this geometry is
the sum of the two corresponding actions

c a? c a?
h=——2>___-0 4.107
BT ThrE ok (4.107)

where «y is given by (4.25).
The connected wormhole geometry is shown in Fig. 4.9. It is obtained by stitching
together two geometries, each with a boundary angle 2. The total boundary angle for this
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Figure 4.7: Constant 7 slice for two BCFTs.
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Figure 4.8: Constant 7 slice of the factorized (disconnected) geometry.
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wormhole geometry is 2ay, = (4ag — 27), where we have subtracted a 27 to account for the

connection. The Euclidean action for the wormhole geometry is

¢ a2 ¢ Ra-7)
6r&, ¥ 6T L+ &

I

where &, = & + & is the total aspect ratio for the wormhole.
The factorized geometry strictly dominates over the wormhole geometry, since

ca (1 1 cal 4 (20 —7m)* 1 w
——— |t =) <—— < - =1Iy.
6m \& o & 6m & + & br &G +&

I, =

(4.108)

(4.109)

Here we have used the arithmetic mean-harmonic mean inequality to establish the first

inequality.
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Figure 4.9: Constant 7 slice of the wormhole (connected) geometry.

More generally, if we have n disconnected boundary regions with aspect ratios & =
Ax; - Tgerr, then the Euclidean actions for the factorized geometry is

no 9
c o
I=—7-3% 2 4.110
and for the fully connected wormhole geometry is
—(n—1)7)?
= ¢ mao—(n=br) (4.111)

6_7T Z?:1 gz ’

This fully connected geometry exists only for ag > @ From these results, we can con-

clude that any wormhole geometry is subdominant compared to the corresponding factorized
geometry, even though we have considered a non-unitary BCFT. Recall that without non-
unitarity, it is not even possible to construct a connected saddle. Interestingly, in order to
increase the number of boundary components, we need larger a ag, which means that we
need to make the BCFT “more” non-unitary.

4.7 Discussion

We have developed a generalization of the conventional AdS/BCFT model by including
defects that connect EOW branes with different tensions. This construction enables us to
study a BCFT whose lowest eigenvalue can be tuned arbitrarily close to that of the identity
operator. This construction is particularly useful when the boundary entropies of the two
boundaries are distinct, i.e. when the conventional model has a restricted lowest eigenvalue.

We conclude with some remarks and possible future directions. The construction in our
model is based on 3d gravity, and we expect that the generalization to higher dimensions
should be straightforward. Although we have calculated the real time entropy in section 4.5,
we did not study the corresponding real time geometry. It would be interesting to develop
this analytic continuation. It would also be interesting to generalize our defect on the EOW
branes to a smooth configuration. We can imagine a model in which the tension of the
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EOW brane is position dependent, and in particular, it interpolates smoothly between the
two BCEFT boundaries. Closely related models were studied in [149, 150]. We would like
to understand the interpretation of the boundary entropy in this configuration, for which a
specific example is given by the defect entropy in (4.103).

The connection between unitarity and connected geometries in Sec. 4.6 remains mys-
terious and interesting. We should emphasize that although the connected saddle exists in
the non-unitary case, this saddle is always subleading compared to the disconnected saddle.
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Chapter 5

The Multiverse in an Inverted Island

5.1 Introduction

In the last two decades or so, we have learned a lot about the origin of spacetime in quantum
gravity. A key concept is holography [4, 5, 6, 81|, which states that a fundamental description
of quantum gravity resides in a spacetime, often non-gravitational, whose dimension is lower
than that of the bulk spacetime. This concept has been successfully applied to understanding
the dynamics of an evaporating black hole, in particular to address the information problem
[1]; for recent reviews, see [151, 152, 153].

There are two distinct approaches to implementing the idea of holography. One is to
start from global spacetime of general relativity and identify independent quantum degrees
of freedom [16, 17, 88] using the quantum extremal surface (QES) prescription [9, 11, 12,
13]. When applying this prescription to a black hole, the existence of the interior is evident,
whereas understanding unitary evolution requires non-perturbative gravitational effects [89,
90]. The other approach is to begin with a description that is manifestly unitary (if all
the relevant physics is included in the infrared) and understand how the picture of global
spacetime emerges [154, 155, 156, 99, 100, 157, 158]. Specifically, in this approach, the
interior of an evaporating black hole arises as a collective phenomenon of soft (and radiation)
modes [99, 100, 157, 159]. While the two approaches appear radically different at first sight,
they are consistent with each other in the common regime of applicability.

In this chapter, we study the eternally inflating multiverse using the first approach which
begins with global spacetime. A key assumption is that for a partial Cauchy surface R
in a weakly gravitating region, we can use the QES prescription [13]. In particular, the
von Neumann entropy of the microscopic degrees of freedom associated with the region R is
given by the island formula [88]

SR) = mIin ext Sgen({ U R), (5.1)

where I is a partial Cauchy surface spacelike separated from R.! Here, the boldface symbol

'In this chapter, I refers to a spacelike codimension-1 surface. Although it is more standard to refer to
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R in the left-hand side is to emphasize that S(R) is the microscopic von Neumann entropy

of the fundamental degrees of freedom, while

A(0X)
4Gy

Sgen(X) = + Spun(X) (5.2)
is the generalized entropy for partial Cauchy surface X calculated in bulk semiclassical theory,
where A(0X) is the area of the boundary 0X of X, and Sy (X) is the von Neumann entropy
of the reduced density matrix of X calculated in the semiclassical theory.

In this work, we show that when R is a sufficiently large region on a late-time hypersur-
face in a bubble universe, an island I appears which encloses the bubble universe. Given
that the semiclassical physics in [ is fully reconstructed using the fundamental degrees of
freedom in R, this implies that the full semiclassical physics of the multiverse needed to make
cosmological predictions is encoded in the fundamental degrees of freedom of the region R,
which has a finite volume!

While one might feel that this is too drastic a conclusion, in some respects it is not. Even
for a black hole, the interior region described as an island I can have an ever-increasing
spatial volume, which can even be infinite for an eternal black hole [160, 161]. However, in
quantum gravity, the number of independent states associated with this region is bounded
by the exponential of the entropy of the system. This is because exponentially small overlaps
between semiclassically orthogonal states lead to a drastic reduction in the number of basis
states [162, 163, 164, 165]. What happens in the multiverse is an “inside-out” version of the
black hole case. As anticipated in [166, 167, 168], this allows us to address the cosmological
measure problem [169, 170, 171, 172, 173] associated with the existence of an infinitely large
spacetime at the semiclassical level.

Entanglement Castle

In the black hole case, the region R encloses I, so I looks geographically like an island.
However, in our setup, I encloses R so it no longer appears as an island. Thus, we call I an
inverted island.

The geography for a Cauchy surface = containing R is depicted in Fig. 5.1.

It is usual to treat the regions R and [ as “land” and everything else as “water.” Following
this convention, = has a central land R surrounded by a moat R U Iz which separates R
from Iz, where Iz = D(I) N Z. To describe the multiverse at the semiclassical level, one
only needs fundamental degrees of freedom associated with the complement of Iz on =,
Iz = RU(RU Iz). This is the region corresponding to the castle—the multiverse lives in an
entanglement castle.

the domain of dependence of I, D(I), as the island, we also refer to I as an island in this chapter.
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Figure 5.1: The multiverse as an entanglement castle. On a given Cauchy surface =, the
physics of the multiverse can be described by the fundamental degrees of freedom associated
with the region RU (R U Iz), where Iz = D(I) N = with I being the (inverted) island of a
partial Cauchy surface R.

Relation to Other Works

Entanglement islands in cosmological spacetimes have been discussed in the context of toy
models, e.g., models in which a nongravitational bath is entangled with a gravitational
system as well as models in lower dimensional gravity [174, 178, 132, 98, 98, 19, 179, 180,
181, 175, 176, 177]. In this chapter, we study them in a realistic scenario of eternal inflation.

Several holographic descriptions of the multiverse have been proposed [182, 183, 184,
166, 167, 168, 185, 186, 51], mostly to address the measure problem. These correspond to
the unitary description of a black hole, although the issue of unitarity at the fundamental
level is not quite clear in cosmology.

Overview

In Section 5.2, we review the eternally inflating multiverse and describe some basic assump-
tions employed in our analysis. In Section 5.3, we discuss how bulk entanglement necessary
for the emergence of an island can arise from accelerating domain walls, which are pervasive
in the eternally inflating multiverse.

Section 5.4 is the main technical part of this chapter, in which we show that a sufficiently
large region R in a bubble universe has an inverted island that surrounds R. Implications of
this result for the multiverse are discussed in Section 5.5.

5.2 The Eternally Inflating Multiverse in Global
Spacetime

In this chapter, we are concerned with eternally inflating cosmology. Eternal inflation occurs
when the theory possesses a metastable vacuum which has a positive vacuum energy and
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small decay rates to other vacua [187, 188]. If the universe sits in such a vacuum at some
moment, there will always be some spacetime region that remains inflating for an arbitrarily
long time.

This scenario of eternal inflation is naturally realized in the string landscape [189, 190,
191, 192]. In the string landscape, the number of local minima of the potential, i.e. false
vacua, is enormous. Vacuum energies at these minima can be either positive or negative.
Since exactly vanishing vacuum energy requires an infinite amount of fine-tuning, we expect
that it is realized only in supersymmetric vacua.

Spacetime regions in different vacua are created by nucleation of bubbles, each of which
can be viewed as a separate universe. We assume that bubble nucleation occurs through
Coleman-De Luccia tunneling [193], although we expect that our results also apply to other
vacuum transition mechanisms such as the thermal Hawking-Moss process [194, 195].

As explained in the introduction, we begin with the global spacetime picture, which is
the infinitely large multiverse with a fractal structure generated by continually produced
bubbles. We assume that the global quantum state on a Cauchy surface is pure. We are
interested in studying the existence and location of the island corresponding to a partial
Cauchy surface R in the global multiverse.

To address this problem, we focus on a particular bubble, which we call the central
bubble. We assume that the central bubble is formed in a parent de Sitter (dS) bubble.
After being nucleated, it undergoes collisions with other bubbles [188]. Let us follow a
timelike geodesic to the future along (and outside) the bubble wall separating the central
bubble from other bubbles. The last bubble that this geodesic encounters must be either
an anti-de Sitter (AdS) bubble or a supersymmetric Minkowski bubble, or else the geodesic
still has an infinite amount of time to encounter another bubble.

We assume that the last bubbles such geodesics encounter are all AdS bubbles and
call them surrounding AdS bubbles. Since AdS bubbles generally end up with big crunch
singularities [193], they are collapsing bubbles. Note that the choice of the central bubble was
arbitrary, so all the bubbles have the feature of being surrounded by collapsing AdS bubbles.
A typical example of the spacetime structure described here is illustrated in Fig. 5.2. (We
have omitted an infinite number of bubbles that form a fractal structure in the asymptotic
future infinity which are not relevant for the discussion here.)

We postulate that the cosmological history we study takes place in the semiclassical
regime. This implies that the characteristic energy scale E of the potential is sufficiently
smaller than the cutoff scale, and hence the Planck scale. On the other hand, in the string
landscape we expect that this energy scale is not much smaller than the string scale, e.g.,
E ~ O(107° — 107Y) /ip, where Ip is the Planck length. Note, however, that some of these
bubbles could be associated with much smaller energy scales by selection effects. For instance,
the bubble universe that we live in has a vacuum energy much smaller than the naive value

of O(E*) [196, 197, 198].
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Figure 5.2: A sketch of the Penrose diagram of the multiverse. We focus on an arbitrarily
chosen bubble, which we call the central bubble. The central bubble is nucleated in a parent
dS bubble and is surrounded by collapsing AdS bubbles which collide with it at late times.

5.3 Bulk Entanglement from Accelerating Domain
Walls

In this section, we discuss the possible origin of bulk entanglement Sy () leading to an island
in eternally inflating spacetime. As discussed in [98], an island cannot be created by Spuu()
originating solely from entanglement between regular matter particles. In particular, the
generation of Spyk() must involve spacetime (vacuum) degrees of freedom. Examples of such
processes include Hawking radiation and reheating after inflation. Here we discuss another
such process: Spui() generated by Unruh radiation [199, 200] from accelerating domain walls.

Consider a domain wall in 4-dimensional flat spacetime which is extended in the z?-z3
directions and is accelerating in the z! direction. In an inertial reference frame, the domain
wall appears to emit radiation. This occurs because the modes of a light quantum field
colliding with the domain wall from behind are (partially) reflected by it, which converts
these modes into semiclassical excitations on top of the vacuum; see blue arrows in Fig. 5.3.
(For a review and recent analyses, see [201, 202, 203].)

An important point is that this process stretches the wavelength of reflected modes. In
particular, radiation emitted later corresponds to a shorter wavelength mode at a fixed early
time. We postulate that, as in the case of Hawking radiation [204] and the generation of
fluctuations in cosmic inflation [205, 206, 207, 208], this picture can be extrapolated formally
to an infinitely short distance, below the Planck length. This allows for converting an
arbitrary amount of short distance vacuum entanglement to entanglement involving physical
radiation. In particular, if we take a spatial region A that contains the radiation but not its
partner modes, then we can obtain a large contribution to Spuy() from this process. This is
illustrated in Fig. 5.3.
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Figure 5.3: Generation of Spux() by an accelerating domain wall. The blue and red lines are
entanglement partners of each other. This results in the region A, shown in green, to have
a large Spu()-

This mechanism of generating Spuk() operates at any wall separating bubble universes.
It converts entanglement in a semiclassical vacuum, which is assumed to take the flat space
form at short distances [209], into that involving radiation emitted by the wall. There are
two classes of walls relevant for our purpose.

The first is a bubble wall separating a nucleated bubble from the ambient bubble (parent
dS bubble in our context). In this case, the bubble wall accelerates outward, so that the
radiation lies inside the bubble. This radiation is homogeneous on a Friedmann-Robertson-
Walker (FRW) equal-time slice and has coarse-grained entropy density

3
5 ~ (ﬂ) , (5.3)
27a(t)
where a(t) is the scale factor at FRW time ¢, and 1//—x is the comoving curvature length
scale at an early stage of the bubble universe, when a(t) &~ /—x t.

The second is a domain wall separating two bubbles colliding with each other. A do-
main wall relevant for our discussion is that separating the central bubble and one of the
surrounding AdS bubbles colliding with it. In this case, the domain wall accelerates outward
in the AdS bubble [210, 211], so the mechanism described above applies to the AdS bubble;
in Fig. 5.3 the regions left and right to the wall would correspond to the AdS and central
bubbles, respectively. If the domain wall is also accelerating away from the central bubble,
the radiation emitted into the central bubble also results in a large Spux(), although this is
not relevant for our setup.
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5.4 Entanglement Island from Surrounding
Collapsing Bubbles

In this section, we argue that a sufficiently large spacelike region R in the multiverse has an
island I. We use the method of island finder [212] to demonstrate this. First, we locate a
partial Cauchy surface I’ that (i) is spacelike separated from R, (ii) provides a reduction of
generalized entropy Sgen(I’ U R) < Sgen(R), and (iii) has the boundary 01" that is quantum
normal or quantum antinormal with respect to variations of the generalized entropy Sgen(I'U
R). We will find such an I’ which has a quantum antinormal boundary. We then argue that
there is a partial Cauchy surface I, whose domain of dependence, D(Iy), contains I’ and
whose boundary, 01y, is quantum normal with respect to variations of Sge,(Ip U R). Having
such an I" and I guarantees the existence of a non-empty island 1.

We focus on (3 + 1)-dimensional spacetime throughout our analysis, although it can be
generalized to other dimensions. In our analysis below, we assume that the central bubble
is either a dS or Minkowski bubble, which simplifies the analysis [210, 211]. We believe that
a similar conclusion holds for an AdS central bubble, but demonstrating this requires an
extension of the analysis.

The argument in this section consists of several steps. First, we identify a two-dimensional
quantum antinormal surface 0%’ in a surrounding AdS bubble for a region R in the central
bubble. Then, we gather a portion of 9%’ in each surrounding bubble and sew them together
to form a closed quantum antinormal surface I’ which encloses R. Next, we argue that
appending I’ reduces the generalized entropy of R and hence it can serve as the I’ of [212].
Then, we find [, establishing the existence of a non-empty QES for R. Finally, we include
some discussion about the (inverted) island /.

While our argument applies more generally, in this section we consider a setup that
involves only a central bubble and its surrounding AdS bubbles. We discuss more general
cases in Section 5.5.

Quantum Antinormal Surface in a Colliding Collapsing Bubble

Let us consider the central bubble and only one of the surrounding AdS bubbles. These
bubbles are separated by a domain wall. This system preserves invariance under an SO(2, 1)
subgroup of SO(3,1) symmetry of a single Coleman-De Luccia bubble. The spacetime is
thus given by a warped product of a two-dimensional hyperboloid Hs; with a two-dimensional
spacetime M;. Consider a two-dimensional hyperbolic surface 0% given by the SO(2, 1) orbit
of a spacetime point as shown in Fig. 5.4. We denote the partial Cauchy surface which is
bounded by 0%’ and extending toward the AdS side by .

We focus on the region near the domain wall at late times. Given a 90X’ in this region,
let k# and [* be the future-directed null vectors orthogonal to 0%, pointing inward and
outward relative to Y, respectively, as depicted in Fig. 5.4. We normalize them such that
k-1 = —2 and denote the corresponding classical and quantum expansions by 0;; and Oy,
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dS or Minkowski

Figure 5.4: Penrose diagram showing the region near the domain wall (yellow strip) separat-
ing the central dS/Minkowski and surrounding AdS bubbles at late times. The transverse
directions corresponding to the hyperboloid H, have been suppressed. 0%’ is a boundary
of a partial Cauchy surface ¥’ and k*, [* are future-directed null vectors orthogonal to it.
Blue and red arrows indicate Unruh radiation and their partner modes, respectively, and the
double line at the top of the AdS bubble represents the big crunch singularity. The signs of
classical expansions 6 are shown in green following the Bousso wedge convention [213].

respectively. Here, ©y,; are given by the changes in the generalized entropy Sgen(X' U R)
under infinitesimal null variations of 0% [73].

Suppose that a surface 9%’ in the AdS bubble is located near the big crunch singularity
but sufficiently far from the domain wall. This surface is classically trapped (0, 6; < 0).
When 0% is moved toward the central bubble, first it becomes normal (6, < 0, §; > 0) and
then antitrapped (6x, 6, > 0) [210, 211]. What about the quantum expansions?

In general, Sphux(), and hence Sge,(), can only be defined for a closed surface, and its
change 0Spux() under a small variation of the surface depends non-locally on the entire
surface. In our setup, however, the only relevant contribution to Sy (X’ U R) comes from
partner modes of the Unruh radiation emitted by the domain wall into the AdS bubble, and
we can locally determine the signs of Oy ;.2

Suppose we locally deform 9%’ in the +[ direction. Then, dSpux() receives a contribution
from reflected modes, depicted by blue arrows in Fig. 5.4. This contribution, however, is not
strong enough to compete with the classical expansion, since the modes are spread out in
the [ direction.

To see this explicitly, let us assume that every radiation quantum carries O(1) entropy,
and that the rate of emission as viewed from the domain wall’s frame is controlled by the

2The contribution from partner modes of Unruh radiation emitted into the central bubble is not relevant
if R is sufficiently large, such that it intersects most of the radiation, since then the contribution has the
same sign as the variation of the area A4(0Y).
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Unruh temperature T = a,,/27, where a,, is the acceleration of the domain wall. We then

find that?

al (s
Ar2(toe — 27)
where £ is the AdS radius in the bubble, (¢, r) are the location of 9%’ in the coordinates [210,
211]

|6Sbulk<)| ~ 3(57’ QH, (54)

dr?

f(r)
or is the change of » when we deform 0%’ in the [ direction, and {2y is the coordinate area

of the portion of the hyperboloid for which we deform 0%'. Also, A is a parameter appearing
in the trajectory of the domain wall

t too — toge AT
(7‘) - ( ro X7 ) 7 >0

where 7 is the proper time along the domain wall trajectory, with o = r(7 = 75) and
too = t(7 = 00), and we have introduced the null coordinates

ds* = —f(r)dt* + + r*dHj, (5.5)

62
vt =t+—. (5.7)
r
To derive the above expressions, we have assumed that Al 2 1 and r is sufficiently larger
than ¢ so that f(r) ~ r?/¢?, which implies t., ~ ¢?/rq (also to, > €2 /10).
The expression in Eq. (5.4) should be compared with the corresponding change in area,

1
%

‘ oA rér Qy. (5.8)

g

Assuming that the scalar potential responsible for the domain wall is characterized by a
single energy scale E, we find £ ~ 1/E?lp and X\ ~ a,, ~ E,* s0

6Sbulk ()
SAJAT

lP
< =

where we have only considered 0¥’ satisfying t < t,,. We indeed find that the quantum
effect, 0.Spun(), is negligible compared to the classical contribution, §.4/41%, for ¢ sufficiently
larger than [p.

On the other hand, if we vary 0%’ in the £k direction, §Spux() receives a contribution
from partner modes, depicted by red arrows in Fig. 5.4. If 0¥/ is far from the domain wall,
this contribution is small, so that 0¥’ remains trapped at the quantum level: ©; < 0.

3We thank Adam Levine for discussion on obtaining the quantum contributions.
4The second relationship holds for generic bubbles. For supersymmetric bubbles, we instead have \ ~
ay ~ 1/¢, but this does not affect our final conclusions.
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However, if 0¥’ is moved toward the null surface to which the domain wall asymptotes,
2t = t,, the contribution becomes enhanced because the partner modes are squeezed there.
Specifically, the quantum effect can be estimated as

3 96
a,l

~ Ar2(zt — ty)

0.0 ()] 507 Qn. (5.10)

Here, we have assumed that the reflected modes, the partners of which 0% crosses, all pass

through ¥’ which requires
1—c\ 2
A vl (5.11)

where ¢ = (to, — €%/19)/(teo + £?/70) is a constant satisfying 0 < ¢ < 1. We thus find that
the relevant ratio is given by

Clp
r3(xt — too)?’

' OSbune() (5.12)

SAJALZ

and the quantum effect can indeed compete with the classical contribution when 9% ap-
proaches the null surface 27 = t,..°

Since the sign of dSp,() from this effect is such that Spuk() gets reduced when 9% is
deformed in the —k direction, ©, can become positive, making 0¥’ quantum antinormal:

@k > 0, @l < 0. (513)

We assume that this transition happens before 0¥’ changes from being classically trapped
to normal.’ This behavior of quantum expansions is depicted in Fig. 5.4.

Forming a Closed Quantum Antinormal Surface

In the previous subsection, we have shown that there is a quantum antinormal surface 0%’
in the AdS bubble. If there were no other bubbles except for these two bubbles, then this
surface would extend infinitely in H, and would have an infinite area.

However, this is not the case because the central bubble is surrounded by a multitude of
AdS bubbles, as shown in Fig. 5.5. The surface 9% corresponding to a particular AdS bubble
is cut off by the domain walls resulting from collisions with the neighboring AdS bubbles.
Thus, we are left with a finite portion of 9%'. Such a finite-sized, quantum antinormal surface
can be obtained in each AdS bubble, which we denote by o} (i =1,2,---).

These surfaces o] can be connected with appropriate smoothing in such a way that the
resulting closed surface encloses the central bubble and is quantum antinormal everywhere.
To see this, we note that we have some freedom in choosing the values of (¢,r) for each o].

SFor supersymmetric bubbles, the numerator becomes ¢41%. In this case, we need a more careful analysis
to show that dSpu() can compete with §.A4/41%.
STf this assumption does not hold, we still have an island as will be shown later.
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Figure 5.5: A sketch of the construction of closed codimension-2 surface dI’. The central
bubble and some of the surrounding AdS bubbles are depicted as the green and blue cones,
respectively. The region I’ is defined as a partial Cauchy surface bounded by and outside

or'.

Using this freedom, we can make two adjacent o.’s intersect along a curve. The resulting
“kink” can then be smoothed at a length scale smaller than that of bulk entanglement. This
smoothing retains quantum antinormalcy, so we end up with a closed, quantum antinormal
surface.

We label this closed surface as dI', and the partial Cauchy surface bounded by 91’ and
outside it as I’; see Fig. 5.5. Note that I’ being quantum antinormal means that O, > 0
and ©; < 0, where the quantum expansions are defined using Sy (I’ U R).

Reduction of the Generalized Entropy

We now move on to discuss the generalized entropy. For a sufficiently large R, we expect
that the region I’ reduces the generalized entropy of R in the sense that”

Syen(I' U R) < Syen(R). (5.14)

To understand this, we first note that Unruh radiation from the bubble walls of the central
and surrounding bubbles, as well as that from the domain walls separating the central and
surrounding bubbles, contributes to entanglement between R and I’. Appending I’ to R
therefore reduces the Spyuk() contribution to Sgen().

To illustrate this, let us take R to be a spherically symmetric region in the central
bubble. We assume that the distribution of AdS bubbles surrounding and colliding with the
central bubble is statistically spherically symmetric. We then append I’ to R and compare
the decrease in Sge,() due to the change of Spyi() with the increase in Sgen() coming from

A(DI').
"This implies that I’ violates the Bekenstein bound [214, 215].
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We do this comparison by focusing on an infinitesimal solid angle d{)g in the central
bubble. Using Eq. (5.3), we can estimate the differential change in Sge,() due to Unruh
radiation from the central bubble wall to be

, dQ
dShuk() = [Sbuk (" U R) — Spu(R)] 4—;
~— sinh (2v/—rkx.) dQs, (5.15)

3273

where Y, is the coordinate radius of R in the hyperbolic version of the FRW metric. Here,
we have used the fact that the global state is pure, so that Spuk(l' U R) = Spux(I’ U R).
Moreover, we have assumed that Spuk(l’ U R) is sufficiently smaller than Spux(R) and have
taken \/—kY, > 1. These conditions can be satisfied if the bubble nucleation rates in the
parent bubble are small, so that the collisions with AdS bubbles occur at large FRW radii
in the central bubble.

The corresponding area element of 9’ is given by

dA = A(0I' r?,;dQH, (5.16)

)‘dQH -

where 7, is the location of o in coordinate r defined by Eq. (5.5), and dQy is the hyperbolic
solid angle. By matching the area element of the domain wall expressed in hyperbolic and
FRW coordinates on the side of the central bubble, we find d{2g ~ d€2y. This leads to

dSbulk ()
dA/AZ,

l2
L (5.17)

3,2
167 Tor

(To do this properly, we need to regulate the solid angle 2545 which an AdS bubble asymp-
totically occupies and take df)g sufficiently small so that this area element fits within the
corresponding domain wall. We can then take the limit Qqs,dQ2s — 0 afterward.)

The radius r,/ is microscopic and is controlled by [p and ¢;, where £; is the AdS radius
in the bubble in which o] resides. When a surface 0¥’ is moved from an AdS bubble to
the central bubble, the radius r grows and becomes macroscopic. However, this transition
occurs mostly in the region where 9% is classically normal, and since o) resides on the AdS
side of it, 7,/ is small. In particular, from Eq. (5.12) we expect that r, ~ O(t;).8

Therefore, we find that for a sufficiently large region R satisfying

4m*max;(ry1) )

- (5.18)

V—kXx 2 log (

appending I” to R reduces Sgen(), so Eq. (5.14) holds in this case.

8For supersymmetric bubbles, we must take Tol ~ O(2/1p).
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Figure 5.6: Variations of classical and quantum expansions, § and ©, when a two-dimensional
surface 9% extending in the direction of hyperboloid Hy is moved between the surrounding
AdS and central bubbles. A finite area surface o, (C 9%'), which constitutes a portion of
0I', is taken in the regime where the surface is quantum antinormal. A surface oy ; (C 0%)
which gives 01, after smoothing is in the quantum normal region.

Existence of a Quantum Extremal Surface

The existence of a surface 01 satisfying Eqs. (5.13) and (5.14) is not sufficient to ensure that
of a non-empty island I for R. The existence of an island, however, is ensured [212] if there
is a partial Cauchy surface [ that (i) is spacelike separated from R, (ii) has the boundary
0l that is quantum normal with respect to Sgen(lo U R), and (iii) encloses I’ in the sense
that I’ C D(Ip).

To argue for the existence of such Iy, let us consider a codimension-2 surface 0% similar
to 0X'. Such a surface is specified by the coordinates (¢,7) in Eq. (5.5). The analysis above
then tells us that when 0% is moved from the near singularity region to the central bubble,
it changes from being quantum trapped to quantum antinormal (as viewed from the side
opposite to the central bubble, which we denote by ¥3). This occurs before the classical
expansions become normal. As we move the surface further, we expect that the quantum
effect becomes subdominant at some point, making the signs of quantum expansions the
same as those of classical expansions. In Fig. 5.6, we depict possible behaviors of quantum
expansions in this region by green Bousso wedges which are consistent with the quantum
focusing conjecture [73]. We can thus take 0%, in the quantum normal region to construct
the surface 01.

Like 0%, the surface 0% is truncated by AdS-AdS domain walls and becomes a finite
surface 0p. As earlier, we form a closed surface using these truncated surfaces og; (i =
1,2,--+) from each surrounding AdS bubble. By using the freedom of locating each surface,
these pieces can be sewn together to form a closed surface enclosing the central bubble.

The resulting surface, however, has folds at the junctions between AdS bubbles, with
angles opposite to those required for quantum normalcy. Nevertheless, the effect of these
angles is suppressed by O(¢;/r) compared to that of the expansions of ¢y ;’s in the interior
of the AdS bubbles. Therefore, by locating oy ;’s at large r, we can smooth out the folds to
form a closed surface that is classically normal and hence quantum normal.
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This surface can play the role of 01:

Jooi ——— an, (5.19)
p smoothing

where we define [y as a partial Cauchy surface bounded by and outside d1ly. It is easy to
see that the smoothing can be done such that the resulting I, is spacelike separated from R
and I’ C D(lp). This guarantees the existence of an island for R.

We note that the existence of I is sufficient by itself to ensure the existence of an island
if R is very large, satisfying Eq. (5.18) with max;(r,/) replaced with the radius of Iy. Our
argument involving I’, however, indicates that the island exists for much smaller R.

Inverted Island and Entanglement Castle

Given that the collisions between the central and surrounding bubbles play an essential role in
the existence of I’ and Iy, we expect that OI is located in the region near the corresponding
domain walls. In fact, it is reasonable to expect that the two possibilities for quantum
expansions depicted in Fig. 5.6 are both realized, depending on the path along which a
codimension-2 surface 0% is moved. The edge of island 01 would then lie at the point where
trajectories of 9% bifurcate to behave in these two different ways. The structure of the
Bousso wedges around this location is indeed consistent with 9 being a quantum maximin
surface [59, 87].

Strictly speaking, this only implies that the surface 0I is a QES. In order for this surface
to be the boundary of an island, it must be the minimal QES. We assume that this is the
case, which is true if R has only one nontrivial QES with Sgen(/ U R) < Sgen(R).

Since the topology of I is the same as that of I’ or I, the island I for region R is an
inverted island, and hence does not geographically look like an island. Let = be a Cauchy
surface containing R and Iz = D(I) N = the section of the inverted island on this surface.
Given the geography, we may refer to the region Iz, complement of Iz on =, as an entan-
glement lake. However, R occupies a significant portion of Iz, so (regarding R as a land
as other authors do) the region R U Iz which corresponds to water is more like a moat; see
Fig. 5.1. In this sense, the region Iz in the present context may be called an entanglement
castle.

5.5 Cosmological Evolution

Consider a Cauchy surface Z in the global spacetime. The existence of a non-empty island
I for a subregion R of = implies that the information about the semiclassical state in Iz =
D(I) N = is encoded in the fundamental degrees of freedom associated with R. Therefore,
physics at the semiclassical level can be fully described by the fundamental degrees of freedom
associated with the partial Cauchy surface === \ I=.
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~

Figure 5.7: Several effective Cauchy surfaces for a given geometry are depicted by red lines.
A microstate of the fundamental degrees of freedom on an effective Cauchy surface can
describe the full semiclassical physics of the multiverse.

In the eternally inflating multiverse, an inverted island I appears for sufficiently large
R. This implies that the semiclassical physics of the multiverse, which is all that we need
to make cosmological predictions, is described by the fundamental degrees of freedom in a
finite volume portion of a Cauchy slice that involves R. We call such a surface an effective
Cauchy surface.

Here we make two general comments about effective Cauchy surfaces. First, the location
of the island D(I), or OI, depends on the Cauchy surface. For example, since R is spacelike
separated from I, a Cauchy surface describing the state of the parent bubble cannot have
0l around the central bubble as seen in the previous section. However, in this case there
exists a region 7, in the parent bubble such that an island I, appears around the parent
bubble, so that the effective Cauchy surface is given by =\ (D(I,) N E). In general, when
we consider a Cauchy surface describing the state of an earlier bubble, the relevant island
appears around that bubble.

Second, when two or more (non-surrounding) bubbles collide, we may want to consider
Cauchy surfaces spanning all of these bubbles to describe the collision. In this case, we can
choose a region R, spanning the colliding bubbles such that the island /. encloses all the
colliding bubbles. This allows us to describe the bubble collision directly without relying on
reconstruction from microscopic information in the fundamental degrees of freedom in R.

A sketch of the global multiverse illustrating the above points is given in Fig. 5.7, where
possible effective Cauchy surfaces are depicted by red lines. For a given gauge choice, the
state on an effective Cauchy surface T; can uniquely determine the state on an effective
Cauchy surface T, that is in the future domain of dependence of T;. In general, the final
state of this time evolution is given by a superposition of states in different geometries M;:

[T(T)) ——— 3 G U(Ta))ag,e (5.20)

evolution .
i€geometries
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Here, all M,’s share the surface T, and the state on it, and T ; is an effective Cauchy surface
on the geometry M; which is in the future domain of dependence of Y.

It is worth noting that the evolution equation in Eq. (5.20) takes the form that once the
knowledge of the current state, [¥(Y)), is given, we can predict its future, more precisely
what an observer who is a part of the state can in principle see in their future. Note that
the equation does not allow us to infer from |[¥(Y;)) the global state of the multiverse in
the past. This structure is the same as time evolution of states in the Schrodinger picture
of quantum mechanics.

Our approach solves the measure problem in the sense described above: once we are
given the initial state on an effective Cauchy surface, we can in principle predict any future
observations. The existence of the inverted island implies that the necessary information for
this prediction, i.e. the physics of matter excitations over semiclassical spacetimes, is fully
encoded in the microstate of the fundamental degrees of freedom associated with the effective
Cauchy surface. As discussed in [100] for a dS spacetime, this information is expected to
be encoded in quantum correlations between the matter and Unruh radiation degrees of
freedom.

5.6 Discussion

We have shown that a Cauchy surface = in an eternally inflating multiverse has an entan-
glement island for a sufficiently large subregion R C =. The island Iz on = is, in fact, an
inverted island surrounding the region R, implying that the semiclassical physics of the mul-
tiverse is fully described by the fundamental degrees of freedom associated with the finite
region Iz, the complement of Iz on Z. This provides a regularization of infinities which
caused the cosmological measure problem.

As in the case of a black hole, the emergence of an island is related to the existence of a
singularity in the global spacetime; in the multiverse, this role is played by the big crunch
singularities in the collapsing AdS bubbles. This picture is consistent with the interpretation
of singularities in [99, 100, 157]: their existence signals that a portion of the global spacetime
is intrinsically semiclassical, arising only as an effective description of more fundamental
degrees of freedom associated with other spacetime regions.

Our results strongly suggests the existence of a description of the multiverse on finite
spatial regions. Proposals for such descriptions include [182, 183, 184] and [166, 168, 51]
in which the fundamental degrees of freedom are associated with the spatial infinity of an
asymptotic Minkowski bubble and the (stretched) cosmological horizon, respectively. It
would be interesting to explore precise relations between these holographic descriptions and
the description based on the global spacetime presented in this chapter.
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Chapter 6

The Effect of Graybody Factors on
Entanglement Islands

6.1 Introduction

Entanglement entropy for 2d free fermions

Entanglement entropy is an important quantity not just for finite or discrete quantum sys-
tems [216] but also for continuum quantum field theories and holography [217, 218]. In the
continuum setting, however, entanglement entropies are notoriously hard to calculate and
only few exact results exist. Lucky exceptions are provided by 2d conformal field theories
[145] and the 2d free fermion [219, 220]. The 2d free fermion system is a particularly fruitful
playground since not only the entanglement entropy, but exact expressions for the modular
Hamilotonian of multicomponent regions can be computed [220, 221, 222]. In particular,
the recent papers [221, 222] considered entanglement entropy and modular Hamiltonians for
the 2d free fermion in the presence of a boundary or defect. In [222], the intervals that were
considered were symmetric about a semitransparent defect that separates 2d flat space into
two half-spaces.

We extend this repertoire of results by computing the entanglement entropy of 2d free
fermions in the presence of a semitransparent defect, but allowing for the region under
consideration to be asymmetric about the defect. Let (2 z') be flat coordinates on 2d
Minkowski space, and let the defect be located at #' = 0. The ¢ be the transmission
coefficient through the defect, and let » = 1 — ¢ be the reflection coefficient. Let us focus on
a single interval [—L_, L] that straddles the defect (and so L_ and L, are both positive real
numbers). We are not able to compute the entanglement entropy of this interval in general,
but we obtain results in three limits:

e When the defect is almost completely transmitting, so that r is small

e When the defect is almost completely reflecting, so that ¢ is small
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e When the interval is almost symmetric about the defect, so that v = Z=—2% is small.

L_+Ly

These results are presented in Sec. 6.3. In order to obtain these results, we have used the
method of [219] and used the results in [223, 224, 225] for free fermion determinants in the
presence of a boundary with non-translation invariant boundary conditions. This method
can be used to obtain the entropies of any region, and most of our formal setup carries
over to the more general case, but we focus on the particular application at hand to obtain
explicit results.

Intuitively, the entropy should increase monotonically with the transmission coefficient ¢
since the defect acts as a coupling between left and right, and hence the increasing coupling
increases the entanglement entropy. Our results (6.109), (6.126) and (6.120) are consistent
with this intuitive behavior.

Earlier results on von Neumann entropy in the presence of interfaces include [226, 227,
228]. See Sec. 3.2.1 of the review [145] for pointers to a few more results. See, for example,
[136] for a study of the boundary entropy in holography.

Entanglement islands and graybody factors of black holes

Recent progress in the black hole information paradox has involved the semiclassical compu-
tation of the von Neumann entropy of Hawking radiation, reproducing the Page curve [16,
17]. The main player is the existence of a nontrivial Quantum Extremal Surface (QES) [13]
at times larger than the Page time, whose generalized entropy tracks the shrinking area of the
black hole horizon. The entanglement wedge of the Hawking radiation after the Page time
contains a disconnected region deep in the gravitating spacetime, dubbed the entanglement
island in [88].

Reference [229] exhibited the presence of entanglement islands in much simpler contexts
that also play a role in avoiding an entropy paradox that exists in the eternal Schwarzschild
geometry, due to Mathur [230]. By now, the presence of entanglement islands is well es-
tablished in a wide variety of settings [231, 212, 98, 179, 181, 176, 97, 237, 238, 232, 233,
115, 117, 118, 113, 234, 235, 236, 21]. It has also been established that the nontrivial QES
arises because spacetime wormholes dominate the computations of Rényi entropies [89, 90].
See the recent reviews [151, 153] for more on the black hole information problem and an
overview of recent progress.

It is well-known that there are graybody factors in Hawking radiation [239]. It is hard to
include graybody factors in the computations of the von Neumann entropy of bulk matter
fields, and thus in the setups of [17, 229], which couple a flat space bath to AdS space, the
interface is taken to be fully transparent. This is rightly so, since graybody factors are not
expected to affect the qualitative features of the Page curve. Ref. [16] contained a qualitative
discussion of graybody factors. The effect of graybody factors is also implicitly included in
the higer-dimensional doubly-holographic setup of [231]. However, one would like to be more
computationally explicit about graybody factors.
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We take up this challenge in this chapter in what is perhaps the simplest example of an
entanglement island: the static zero temperature setup in Sec. 2 of [229]. It was shown that
when a zero-temperature AdS, black hole is coupled to flat, non-gravitating half-space via
a fully transparent boundary, the QES of the boundary of AdS, does not lie at the Poincaré
horizon, but lies at a finite value of the Poincaré radial coordinate. In other words, the
entanglement wedge of the flat space region contains an entanglement island: the region
between the Poincaré horizon and the QES.

In this work, instead of taking the AdSs-flat space interface to be fully transparent, we
take it to have a transmission coefficient ¢ and a reflection coefficient » = 1 —¢. This is a toy
model for graybody effects in the atmosphere of a black hole. In the fully transparent case,
reference [229] found a nontrivial QES and an entanglement wedge. In the fully reflecting
case, the QES is at the Poincaré horizon: this is easy to see, since the AdS, and flat space
regions are not coupled at all in this case, the entanglement wedge of the boundary of AdS,
better be the entire Poincaré patch of AdSs.

We take the bulk matter to be 2d free fermions, and use our results (6.109), (6.126) and
(6.120) for the entanglement entropy of free fermions in the presence of a defect to see how
the QES moves as we vary the reflection coefficient. What we find is that if we perturb away
from fully transmitting case, the QES moves towards the Poincaré horizon from its location
in [229]. If we perturb away from the fully reflecting case, the QES moves from the Poincaré
horizon towards the boundary of AdSs.

In brief, our results support the hypothesis that the location of QES behaves monotoni-
cally and smoothly interpolates between its locations at ¢t = 1 (the fully transmitting case)
and t = 0 (the fully reflecting case).

As future work, it would be interesting to extend our results to the islands in the eternal
Schwarzschild geometry at finite temperature [229] and also the evaporating case [16, 17]. We
suspect that the location of the QES behaves monotonically with the strength of graybody
effects in all these cases.

Overview

In Secs. 6.2 and 6.3, we outline the computation of the entanglement entropy of free
fermions in the presence of a semitransparent interface and present the results. In Sec. 6.4,
we recap the zero temperature entanglement island of [229] and show that the entanglement
island behaves monotonically with the strength of graybody effects.

6.2 Entanglement Entropy of Free Fermions with a
Semitransparent Interface

The 2d massless Dirac fermion is a simple theory where one can explicitly compute not just
the entanglement entropies of a region consisting of multiple intervals, but also the associated
modular hamiltonians [219, 220, 222, 221].



CHAPTER 6. THE EFFECT OF GRAYBODY FACTORS ON ENTANGLEMENT
ISLANDS 90

To study the entanglement problem in the presence of a defect, we take the fermions to
live on the line, with the defect placed at x; = 0. We denote the region ! > 0 by QF and
the region ! < 0 by Q7. Fields living in the respective half-planes will carry a + or —
superscript. The defect is only partially transparent, with a transmission coefficient ¢t. We
will be more precise in specifying the boundary conditions below.

We take the y-matrices to be in the Weyl basis,

0 —i 0 i ~1 0
Vor = (—1 0), v = (_i 0)7 Yo = NorY' = ( 0 1)- (6.1)

Here ., denotes the chirality matrix and it is diagonal in the Weyl basis. The Dirac operator
is

0 - 81) : (6.2)

s A M _
1’)/Lora,u - <80 + 81 0

The two-component fermions are taken to have components

Y = (ii) . (6.3)

The equation of motion says that 1y, is only a function of 2° 4+ !, which represents a left-
moving wave, hence the subscript L for ¢; a similar logic applies for ¢g.

From now on, we work in Euclidean signature using the convention z, = iz®. The ordering
of the Euclidean coordinates will be (x1,x3). For future use, we also note that

. 01
== (1 o)- (6.4)

The boundary condition imposed at the defect is

(i) =s (i) o5

where S is the unitary scattering matrix

—elPer
S = (Cl 02) — (Cl o f3) . (6.6)
C3 C4 C3 e

These boundary conditions are energy conserving, and preserve one copy of Virasoro algebra
after folding the plane along the defect. As can be seen in figure 6.1, the modes v} and v}
are outgoing from the defect, whereas ¢} and 15 are incoming. The quantity ¢ = |ca|* = |c3]?
is interpreted as a transmission coefficient, while r = 1 — t = |¢;|? = |c4|? is interpreted as a
reflection coefficient. The purely transmitting and the purely reflecting & matrices are

St = ((1) (1)) St = ((1) (1)) (6.7)
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v\ | vk [
v/ | N

Figure 6.1: Setup for the fermion problem with a semitransparent interface.

It will be helpful to rewrite the boundary condition (6.5) as

B(0,x5) = 0, (6.8)
where
1 —¢ —c¢ 0 2(0, )
-1 0 —c B (0, z9)
B=1_c 0o 1 —¢| (0, 2) = U (0, 29) (6.9)
0 —C3 —C4 ]. 1/JZ(O,ZL'2)

Note that B is a Hermitian matrix with rank two.

We consider the fermions to be in their ground state and focus on the reduced density
matrix p4 of a given subset A C R. We specify A as a collection of disjoint intervals [u;, v;]
with ¢ € {1,...,p}. We will mostly be interested in the case of a single interval [—L_, L]
that straddles the defect (both L_ and L, are positive real numbers). See figure 6.1 for the
setup. We intend to compute the entanglement entropy S(.A) given by

S(A) = = Tr(palog pa) = lim 5, (A), (6.10)

where S,,(A) is the Rényi entropy,

Su(A) = ——Tog Tr (p7) (6.11)

1—n

Decoupling the replicas with gauge fields

We use the replica trick to compute Tr (p7). Our treatment closely follows [219]. The trace
of p% is given by the functional integral Z[n| on the replica manifold,

Trp’y = (6.12)
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where Z[1] serves as a normalization factor that sets Trpy = 1.

When evaluating this trace for a fermionic field, we need to introduce a minus sign
in the path integral boundary condition connecting the fields between the first and last
replica copies [240]. Moreover, there is an additional factor of —1 for every copy because of
non-trivial Lorentz rotation around the points u; and v; which is present in the Euclidean
Hamiltonian when expressing Tr p% as a path integral [241]. Thus, we get an overall factor
of (—=1)"" when connecting the fields along the first and last cuts.

Instead of dealing with the fields on the non-trivial replica manifold, we can work on a
single plane by using the n-component field

P1(x)
b= |, (6.13)
Un(x)

where 1; is the fermion field on the j™ sheet of the replica manifold. The vector 1[7 is not
single valued: If we go in a circuit around u;, the vector ¢ gets multiplied by the matrix

0 1 0 --- 0 O
0 o1 --- 0 O

T = z S S I (6.14)
0 0 0 0 1
(=)™ 0 0 0 0

whereas if we go in a circuit around v;, it gets multiplied by 7!.

We can diagonalize T' by performing a unitary transformation. Note that the eigenvalues
of T are e*™#/" with k € {—”T_l, —”T_l +1,..., ”T_l} After this unitary transformation we
end up with the decoupled fields 1V, living on a single plane. The fields 1V, are multivalued
and get multiplied by e*™*#/* when encircling u;, and by e=2™%/" when encircling v;. Note
that this unitary transformation acts identically on the components of J, so the boundary
condition for {y, is still

Bll)k(o, 132) =0. (615)

We can get rid of the multivaluedness of {;, by introducing an external gauge field Ay, ,(x).
The gauge field is vortex-like near the end-points of the intervals:

2k 2rk
74 A= 278 fAkzl, (6.16)
Uq n Vg n

where the integrals are over closed contours encircling u; or v;. These holonomies are captured
by the field strength

ok <

" (5(2)()( —u;) — 0¥ (x — vi)). (6.17)

Fk,12(X) = -

i=1
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where u; = (u;,0) and v; = (v;,0). Requiring that A} vanishes at infinity, we get the explicit
formula »
k (x —w)”  (x—wv;)"
A = — €. — , 6.18
k,#<x> neu Zzl <|X—11i|2 |X—VZ'|2 ( )
where we use the standard e = —€9; = 1.

In presence of the gauge field, the fermion action is

Bibe B A = [ Bl @+ iAg)vf + [ i @+ iAu) b (619

o+ -
The functional integral factorizes into
(n—1)/2
Zinl= [] . (6.20)
k=—(n—1)/2

where Z;, is the functional integral over {{;,\,} with the background gauge field A; given
by (6.18) and with boundary conditions (6.15); the matrix B is given in (6.9).

Computing the functional integral Z,

In this subsection, we outline the calculation of the functional integral
—+ — . — . _
7, = /Dt])k D exp (_/ 2, (@ +ide) Wi _/ Pz, (9 +id) wk) , (6.21)
O+

with the background gauge field Ay given by (6.18) and with boundary conditions (6.15);
the matrix B is given in (6.9). An essential fact is that the chiral anomaly in two dimensions
completely determines the dependence of the functional integral on the gauge field [242].1

A general gauge field in two dimensions can be expressed as a sum of a gradient and a
curl

Ak,,u = 0Nk — € auq)k (622>
For the gauge field profile in (6.18), we can choose
(x) =0, ®(x) kzpjl x — uil (6.23)
X) = X)=—— 0 : :
Tk ’ k n 4 g x — vi|

Note that ®; ~ ﬁ as x| — 00.? Given a background gauge field of the form (6.22), we

can decouple the fermions ;" from the background gauge field Ay, by a change of variables
which is a combination of gauge and chiral transformations

P = exp (ime + 7%Pr) X - (6.24)

! An equivalent method is to bosonize the fermions.

2This decomposition of the gauge field as the sum of a gradient and a curl is not unique. In the purely
reflecting case, we use a different decomposition which allows us to easily calculate the results in the purely
reflecting case.
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Essentially, we are changing variables from ;" to x; in the functional integral. The change
in the fermionic measure under this transformation is nontrivial

—+ —
Dy, Dby = JiF DX DXy (6.25)

where J," is the Jacobian of the transformation. For fermions living on the full line, the
result for this Jacobian is well-known [242]. In case of manifolds with boundaries, we need
to be careful about possible boundary contributions.

To separate the bulk and boundary contributions, we divide the positive real line into two
intervals (0,€") and (e*, 00). For the interval (e*,00), we can obtain the bulk contribution
using the result for closed manifolds [242],

1
(J]j)bulk = eXp <_% /Q+(€+) d2ZE bek(x)&“@k(x)) s (626)

where QF(et) = {(z1,29) : 1 > €T}. The boundary contribution is [225]

1
(Jlj_)bdry = &XPp <_4€_+ /R dao @k(07$2)> : (6.27)

A similar treatment can be done for the fermions on €2_ to get the full Jacobian

1 1

1
= - d*r 0, ® (i - —+ — dzy
tmen (g [ @e0m0n0 - (g ) [an o).
(6.28)

with e~ < 0. Once we do the sum over k, the boundary terms will vanish (since ®y, is linear
in k) and henceforth they will be omitted.® Taking the limit e, e~ — 0, we get

™

1
Jk = exp (—2— / d233 @ﬁbk 8“(I)k) . (629)
Q
This is the result for the Jacobian on the entire plane in [242].

The integral in (6.29) is easily evaluated by substituting ®; from (6.23), integrating by
parts once and using the fact that V2® is a sum of delta functions. The result is

Jp = exp (—27% =E({ui}, {UJ})) : (6.30)
where [219]

E({uwi} {v;}) ==Y log |ui —vj| = Y log [u; —u;| = > log|v; —vj| —ploge.  (6.31)
ij

1<J 1<J

3We can also choose et = —¢~, and then this term automatically vanishes.
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Here, we have introduced the short-distance cutoff & to split the coincidence points |u; — u;],
|v; — v;| — €, and the sum over i, j is over all the intervals comprising the region .A.

So far, we changed variables from 1y to xx (6.24) in the functional integral and obtained
the Jacobian for this transformation. Since the Jacobian (6.30) is independent of xj, the
functional integral can be expressed as

Z = JuZ, (6.32)

where Zj, is the path integral over y;, now without any gauge fields
T = /DnyXki exp <—/ ;v —/ d%ykaxk) : (6.33)
ot Q-

This integral gives a nontrivial contribution to the partition function (that depends on the
interval endpoints u; and v;) because of the boundary conditions obeyed by x. Using the
definition of xj in (6.24) and the boundary condition (6.15) for 1\, we see that the boundary

condition for yj is

e’Y*q)k(O,xz) 0
B < 0 67*¢k(0,x2)> Xk(0,22) =0, (6.34)

where we have combined the two-component objects x; and x; into a four component object
Xk along the lines of the second relation in (6.9). We can rewrite this boundary condition as

eflr@) 00 0
0 1 0 0 .
B 0 0 eHr@) Xk(0,29) =0,  with Hg(zs) := =20 (0, x2). (6.35)
0 0 0 1

6.3 Computing the Dirac Determinant on the
Half-plane

In this section, we will compute the functional integral
7 = /DijDXjE exp (—/ e x TPyt —/ deY_@X_) : (6.36)
o+ -

where the fermionic fields satisfy the boundary conditions

B e @) (0, x,) = 0, (6.37)
with the matrices
1 —C1 —Co 0 H(l’g) 0 0 0
—c 1 0 —c3 B 0 0 0 0
B=1_c 0o 1 —a| Hiw) = o H(zs) 0 (6.38)
0 —C3 —C4 1 0 0 0 0



CHAPTER 6. THE EFFECT OF GRAYBODY FACTORS ON ENTANGLEMENT
ISLANDS 96

and the vector y will be specified shortly. The matrix B has rank two.

The general computation can be done by using a theorem due to Forman [223], which
was also used in [224, 225], in order to relate the fermion determinant with the position-
dependent boundary condition (6.35) to the fermion determinant with the much simpler
boundary condition By (0,z2) = 0. In the process, one still needs to compute the trace
of an infinite matrix, and we have been unable to solve this problem in general. We have
however been able to obtain results in the three limits described in the introduction.

Purely Transmitting Case

In the purely transmitting case corresponding to S* in (6.7), the boundary condition in (6.35)
is equivalent to Bxx(0,2z2) = 0, so Zy = Z[1]. Thus, the entropies come purely from the
Jacobians J, given in (6.30) [219]. The result for the von Neumann entropy is

1

S(A) = 5 =({uik {vi}), (6.39)

where = was defined in (6.31). This is just the result of [219]. For a single interval [—L_, L],
the answer has the familiar logarithmic expression dependence,
1 L+ L_

S(~L-,L;]) = 5 log

3 (6.40)

Purely Reflecting Case

In the purely reflecting case corresponding to S" in (6.7), we can compute the functional
integral by using a different decomposition for the gauge field in terms of 7, and ®y.

Instead of performing the gauge and chiral transformations given by (6.23), we now
perform different transformations on the two half-planes. For later convenience, we take the
®-functions for the two half-planes to satisfy Cbki((), y2) = 0. It is easy to obtain such a @y
using the method of images

.
k< x—u|jx —v;*
o (x) = —meg (’ ! |), (6.41)
=1

x = vil[x — |

with a similar expression for ®, (x). Here, AT = f; [u;, v;"] refers to the subset of A on

i Vi
the positive real axis and A~ = (JI_, [u;,v; ] refers to the subset of A on the negative real

axis. The n-functions can be obtained using (6.18) and (6.22),

+

k| < Ta T3
(x)=—= arctan — arctan
nk( ) nlz< $1+U—-i_ 1‘1+U+

i=1 i i

p
+ Z (arctan e — — arctan e _) ], (6.42)
1 — Uy, 1 — Y,

=1
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with a similar expression for 7, (x).
The Jacobian for the transformation (6.24) with this choice of ®; and n is

o = 20 e () u)) . dowdp = o€ () fy)). (649

where we have defined

_ 1 lw; + v v + uy
4 i == i i - = 1 : St J . 6.44
€t () = 2 )~ o (jorolete (6.41)
The quantity = was defined in (6.31) [219]. The functional integral thus becomes Z; =
J,ij_Zk, where

Zy = / D¢, D¢ DGy, D¢, exp (— /Q 42 G, ¢ — / 7 deZ;ag,;) . (6.45)

+

Since CDf(O,xg) = 0, the boundary condition for the transformed fermionic field {, =
exp(—ing — 7 Pr )by is

eiﬁk(-TQ) 0 0 0
1ﬁk(x2) ) _ -
B 8 e ) (1) 8 (0, 29) = 0,  with Hy(zp) =1 (0,25) — 1, (0,72). (6.46)
0 0 0 1

In the purely reflecting case corresponding to S" in (6.7), the boundary condition in
(6.46) is equivalent to B(,(0,25) = 0, and so so Z;, = Z[1]. Thus, the entropy is

S(A) = 5€ (T} 1) + 56 (G {07). (6.47)

This expression agrees with the results in [221] and, as expected, breaks up into a sum of
two terms that just depend on A, and A_ respectively. For a single interval on one side
of the boundary, one can check that the the reflecting answer reduces to the transmitting
answer if the interval is far from the boundary.

For the interval [—L_, L], which is our case of interest, the entropy is

1, 2L 1
S(=L-,L4+]) = glog— + clog

2L,
6 6 ‘

(6.48)

Notice that the entropy in the fully reflecting case is a sum of entropies on the left and right
side of the defect, since the two half-planes are completely decoupled.

We now turn to our results for the entropy with nonzero reflection and transmission
coefficients.
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General Computation

Let us begin by folding the left half plane, €2, to the right half-plane, Q,. This fold-
ing changes the coordinate x = (z1,22) € Q_ to X := (—x1,22) € 4, so we have the
transformation for derivatives (0;,0y) — (01,02) = (—0y,05) and for the fermionic fields
Xr(X) = X7 (X), X7 (x) = xz(X). In this folded geometry, the Dirac operator is i) & i@. In
contrast to (6.9), after the folding, the fermion field has components in the following order:
X
— | Xz
X = i (6.49)
XR
with all fields having a position argument belonging to the right half plane €.

We also remind the reader that for the application needed in the main text, Hy(xs) =
—204 (0, x9) and Py (x) is given in (6.23). The main tools needed to compute the partition
function are described in references [223, 224, 225].

The fermion path integral (6.36) can be written as the functional determinant det(i@®id),
subject to the boundary condition (6.37). To compute this determinant we will employ a
theorem by Forman [223]. The idea is to consider a one-parameter family of boundary
conditions labelled by 7 such that 7 = 0 corresponds to the boundary condition Bx (0, z5) =
0, and 7 = 1 corresponds to the boundary condition (6.37) that we are interested in. This
gives rise to a family of functional determinants

Z(1) = det(id @ id) gy, U(T) := 7 M2, (6.50)

where the subscript labels the modified boundary condition BU(7)x = Be™@2)y = 0. For-
man’s theorem (theorem 2 of [223], see also [224]) states that?

d Z(t4+p) d
—log o = logdet @, (7). 6.51

We will explain the definition of the operator ® below.
The Dirac operator i @ iJ is given in the Weyl basis ((6.1) and (6.4)) by

0  —d+id 0 0

o= larie, 0 0 0

oig=1" 0 0 Oy +idy (6.52)
0 0 -0 +id 0

We will denote the elements of the kernel of this operator by x and we take them to satisfy
a fake boundary condition on the far-right side of the half-plane

Bx(L,x2) = 0, (6.53)

“Please note that the operator ®,(7) has nothing to do with the function ®j(x).
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with L > 1. This boundary condition is arbitrary and is chosen for convenience, following
[224]. Notice that we maintain translation symmetry along the line ;7 = L in this fake
problem (in contrast to the actual boundary condition (6.37) where the function H(xs)
explicitly depends on x). We further compactify zo on a large circle of length 7', and
impose antiperiodic boundary conditions x(z1, —7/2) = —x(x1,7/2). The elements of the
kernel of (6.52) satisfying the boundary condition (6.53) and having definite Matsubara
frequencies w,, = (2n + 1)7/T with n € Z can be easily found

e—wn(ml—L) 0
e~ iwnza Ciew”(xl_L) o~ iwnz2 Cgewn(m—L)
T1,T9) = » B , T1,T9) = _
XATL( 1 2) QCOSh(2MnL) c ewn(zl L) XBTL( 1 2) 2008h(2wnL) CZew”(zl L)
e—wn(:cl—L)
(6.54)

Note that {Xan,Xsn} satisfy the orthonormality condition % f_Téjz dxs X;(O, x9) Xs(0,x9) =
dry, with I € {A, B} x Z. The vectors in (6.54) when evaluated on the true boundary z; =0
will not satisfy the boundary condition (6.37). Now we ask the question: By how much
do x1(0,z5) fail to satisfy the true boundary condition (6.37)7 This will be proportional to
BU(T) xr(0,22). We now pick a fixed basis of functions on the line z; = 0 that also satisfy
BY = 2Y.5 Explicitly, these are

1 0

_ e—iwnmg c* _ e—iwnxz —c*

Xan(72) = 7 _c%, Xpn(r2) = — 5 —cz' (6.55)
0 1

With the two sets of vectors defined in (6.54) and (6.55), the matrix h(7) is defined to have

matrix elements
T/2
1

h[J(T) = f / diL’Q ),ZJ;(Z'Q) B@TH(IQ) XJ(O, $2), (656)

~T/2
with I, J € {A, B} x Z. The intuition is that the matrix h measures the failure of x j(z1, x2)
to satisfy the correct boundary condition (6.37) for our problem. The quantity ®,(7) in
(6.51) is defined via [223, 224, 225]

B+ 7) = ,(7) (). (6.57)

Our goal is to calculate Z at 7 = 1. Let us take a 7 derivative of Forman’s result, (6.51),

dd, Zu+r) dd .
— —log 2t — — — Trlog (h h . .
T T e og (h(u+1)h™ (1)) (6.58)

®Since the vector BU(7) x1(0, z2) is of the form B(-), and B has eigenvalues 0 and 2, it lies in the subspace
that has eigenvalue 2 under B. Thus the inner product of BU(7)x;(0,22) and X; measures the amount by
which the boundary condition is violated.
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On the LHS the 7 derivative kills log Z (), whereas the RHS can be simplified by using
4 Trlog A(1) = Tr(A(r) A7*(7)) and cyclicity of the trace. So (6.58) simplifies to

dz - d dh(pu+ 1)
dp

OleMZ(M +7)=—"Tr = At (p+ 7)) : (6.59)

Notice that the p derivatives can now be traded for 7 derivatives and, after setting pu = 0,
we end up with the differential equation

2 log Z(7) = % Tr (%S_T)h(ﬂ_l) : (6.60)

To solve for Z (1), we integrate this twice and hence we need the value of Z'(t =0). We
claim that Z(7) is an even function of 7 so Z'(7 = 0) = 0. This is because the boundary
condition for Z(—7) is equivalent to

0
0
0 x(0,2z5) =0, (6.61)
H(

upto an overall phase factor. This can be converted to the boundary condition for Z(7)
by interchanging the fermionic fields x* <+ x~. The action remains unchanged under this
interchange, so Z(—7) = Z(7). Hence we find,

log <%> - 0/1 dr Tr (d}éf)hm—l) . (6.62)

Note that Z(r = 0) = Z[n = 1], with Z[n] being the original path integral over the ¢
variables in the main text. This is because when n = 1, the gauge field is zero, and so
Zn = 1] and Z(r = 0) are both free fermion path integrals with the same boundary
conditions.

So now our goal is to compute Tr((dl—i‘ h~1), and then do the integral on the right hand
side of (6.62). A major difficulty is that h is an infinite matrix and its determinant or traces
must be regularised. Our strategy is to find explicit expressions for the matrix elements of
h, take the large L limit and then construct the inverse and compute Tr(42 h~'). The final
result is given in (6.98).

Computing the matrix elements of h is straightforward. In the large L limit, using (6.56),
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we get for instance,
T/2

a(x2) if w, > 0
ham,an (T _ V2 / day em= wnm{e - . (6.63)

—le1)? = |es)?e@) if w, <0
7T/2

T/2 } 0 >0
hAm,Bn (T _ V2 / day elwm=wn)e2 =2 (6.64)
T/2 cich e®@2) — ey w, <0
T/2 , 0 >0
th An \/_/ dxs ez(wm_w")@ ( Wn , (6-65)
T/2 cics e w2) cies  wy, <0
f /T/2 1 wy > 0
Rt 20in( day ' (0m—wn)z2 " . 6.66
2Mm,2M /2 2 € —|01’26a(x2) _ |03’2 w,, < 0 ( )

where, for brevity and following [225], we defined
a(xg) = 7H(x9). (6.67)

Other similar calculations give us the matrix

[e"] 4+ ;|C3|2[€a]+f ) 0 163l —
Vi — ] 1 0 cde*]-- —acgl
h _ \/5 [6 ] + |03| [6 ] |Cl| 1¢3 3 ’ 6.68
7 0 ol 1 el (0.6
0 ciesle®]-— —ciesl 0 —|eg)?le*] - —|es)* 1

where the row and column indices are valued in {A, B} x {+, -} = {A+, A—, B+, B—} and
each entry in (6.68) is itself an infinite matrix with rows and columns indexed by the positive
integers. Essentially, because the positive and negative frequencies behave differently, as
n (6.63), we need to treat them separately. Also, following [225], we have introduced a
square-bracket notation for the matrix elements in the Matsubara basis

T/2
flmn = = / S (E ) (6.69)
~T/2
It is important to note that this is a Toeplitz matrix since [f]mnn = [f]m—n-

The derivative dh/d7 and the inverse h~! can be obtained using the identities given in
appendix B of [225]. The derivative can be obtained using

L1 s = 2 (folea e + ol le?)-), (6.70)
Llem = 2 (ol lean +falacle) ), (6.71)
L1e)s = 2 (ol e + o[-, (6.72)
L) = 2 (ol e e + fal—[e) ). (6.73)
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After a brute force explicit calculation, we find that the h~! is composed of the block
matrices

V2(h ) arar = ([e"4) 7 [IM] 4y, (6.74)
V2(h ) ara = —lesl([es0) T M [T ([ -0) 7! (6.75)
V2(h ) asm =0, (6.76)
V2(h M ar s = erds([e) M e ([e*]-) " (6.77)
V2(h ) azar = (JeaPL+ [es([e?]-2) ) V] [e) - ([e"]4) 7! (6.78)
V2(h ) aam == (leaPL+ [es([e*] ) ") V], (6.79)
V2(h™Ya_py =0, (6.80)
Va(amse = o (a1 fesP((er) ) ) [N = 21 (6.81)
V2 (h )y ar = —ciesle] ([ ) T N ey ([e]4) ! (6.82)
V2(h gy a = cjesle?] (] ) [N] - (6.83)
V2(h gy sy =1, (6.84)
V2(h ey s = —lafPle ([N, (6.85)
V2 (h g ar = cies (L= ([]-0) ") N[l ([*] 1) ! (6.86)
V2(h )pa- = —cjes (L= ([*]-) ") V], (6.87)
V2(h Y ps =0, (6.88)
V2(h g = =1+ e (L= ([ ) ") V], (6.89)
where we have defined
M)y o= (1 = [esle] - (€] --) e ([e*]4) ™) 6.90)
[N = (1 = Jes[e] - ([e°]) T e (€] ) ™) 6.91)
Using % and h~! so computed, we get
P (o) =l T (ol e ()N
+ e Tr ([ [ ([]44) T [M]44) - (6.92)

We can simplify this further by using the following identities for quantities that appear in
the definitions (6.90) and (6.91)

1 ([ea]++)_1 ) (6.93)
€] () [T () = 1= (e 0) (e (6.99)
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and perform a binomial series expansion, to get®

o (dhh_l) N Z(—l)p+1|cl/03|2p+2 Tr ([a] 4 [e] s ([e™Tale™T4)" [e%]4)

dr -0
" (6.95)
3D e T (fadafe)— (fe ) [e)—) e
p=0
d 21 o —a
=T Trlog (1 + |c1/cs|*[e*]——[e™*]--) (6.96)
d
=T Trlog (1 — |e1*[e®]—x[e]4-) - (6.97)
Recalling that r = |c;|? is the reflection coefficient and «a(z2) = 7H (x5), we get
dh -1\ d - r TH(x2) —7H (z2) m
Tr (gh ) = —57; — T (™) 4 [e J+-)")- (6.98)

Substituting (6.98) into (6.62) and doing the 7 integral, we get the result for the functional

determinant B .
log (%) =— mZ:l % Tr (([e]_s[e™]42)™). (6.99)

Notice that the lower limit of the integral in (6.62) at 7 = 0 does not contribute on the right
hand side, because the indices of the matrices [e*]_, and [e=®], _ are purely off-diagonal and
so [1]4— and [1]_; vanish.

We were unable to evaluate the expression on the right hand side of (6.99) in general.
Thus, we will focus on computing the functional determinant 7, for the case needed in
Sec. 6.4, which is a single interval [—L_, L] across the defect.

Perturbing away from the fully transmitting case

The goal of this subsection is to obtain the first order term in 7 in the von Neumann entropy
of the interval [—L_, L], perturbing away from the fully transmitting case r = 0.
The coefficient of the linear in r term in (6.99) is

d d i
Tr ([ [e7], ) = Z / %e%«ylfylefn))eH(yl)fH(yz) (6.100)
n>0,1<0
dudys e W) —H(y2)
_ _/ e - (6.101)
re AT (Y1 — 1)
6One needs to use identities of the form [e®]__[e™*]__ + [e®]_4[e™*]+— = 1, see appendix B of [225]

for more on such relations.
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where we have taken the T" — oo limit and the contours of integration for y; and s are such
that Im [y]; < 0 and Im[y], > 0, so the geometric series in (6.100) converges. If we now
expand in powers of H, we see that only terms at second order or higher will contribute,
because for the constant and first order term, there is always one integral that vanishes after
we close the contour in the respective half planes (the y; integral is closed in the lower half
plane and the ys integral in the upper half plane).

Let us denote the O(r) term in (6.99) by f,il) (with & being the replica index), then

dyd
0 _ T/ _472(2/11 _?/‘;2>2 (MO0~ _ 1 _ F, (4) + He(ys)) (6.102)

R2

To compute the entropy, we plug in the expression for Hj, from (6.35) and (6.23), which we
write as Hy = —2®;, = %log ¢, with

2 2
Yy + L2
= 1
o) = (6.103)
We now sum over k and take the n = 1 limit,
(n—1)/2
1 dy:dys L o(y1) + ¢(y2) ¢(y1)
SM = lim f(l) = 7“/ (1 - = log .
2 T e U 2ot — ot ot
=—(n R2
(6.104)

Because of the logarithm in (6.104), we get branch cuts in the complex y; and ys planes.
Let us assume, without loss of generality, that L_ > L,. Since y; integration contour
has a negative imaginary part, we deform the contour in the lower half plane and pick up a
discontinuity from the branch cut that runs from y; = —iL_ to yo = —iL,. The discontinuity
of the integrand of (6.104) is

im 2ty + 2L L% + (L2 + L2)(y + v3)

_ , 6.105
L2 - L% Am2(y1 — y2)?(y7 — v3) (0109
which when integrated over y, from y; = —iL_ to y; = —iL, gives

1
 16m(L2 — L)y

<L2_L’i7r2 S2LLo(Lo— Ly + (L2 + L2)md — 2(L- — L)y}

(42 = iLy)(L- +y2)

Now, we need to do the y, integral, whose contour has a small positive imaginary part and
can be deformed in the upper half-plane. The discontinuity comes from the logarithm in
(6.106) and equals

+7ys + (L2 +y3)(L2 + y3) log ((yQ L)L - yQ)) ) . (6.106)

_l(Lz_ ‘f‘y%)(L?&- +y§> (6 107)
8 (LZ—L@ |
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Integrating this over y, from y, =il to y, = iL_ gives

L2+1%2 L
SO = (14T g2 6.108
TIE T (6.108)
Thus, to O(r), the entropy is given by

1. Li+L_ L2 +1%2 L
S([~L-, Ls]) = 3 log +T + g (1 + LQ—_L; log L—*) +0(r?). (6.109)
— + —

Higher order terms in the reflection coefficient can be computed in a similar way, but involve
more integrals and a more complicated branch cut structure.

Perturbing in the asymmetry

In this subsection, we will perform a different approximation. While still working with a
single interval [—~L_, L] that straddles the defect, we will compute the functional integral
7, perturbatively in the asymmetry parameter

L.—-L, L —L,
- L_+L, 2L

where 2L = L_ + L, is the length of the interval.
We start with the following series expansion for Hy,

Hi(y) = —28,(0,y) = % > (W.L)j ( ! ! ) (6.111)

G 7 \wHily (y—iLy

g (6.110)

The advantage of this expansion is that at any finite order in 7, we have poles in the complex
plane instead of branch cuts.
The m =1 term of (6.99) is given by

H _H 1 e eHr(y1)—Hi(y2)
Tr ([e™] -1 [e™™]4-) = T2 / dy1dys sin®(m(y2 — 1) /T)’ (6.112)
~T/2

where Im [y], < 0 and Im [y], > 0 as mentioned earlier.

To evaluate these integrals, we will use the residue theorem. We close the contour for
y1 in the lower half-plane and for y, in the upper half-plane. This ensures that the only
residues come from the pole at y; = —iL for the y; integral and the pole at yo = iL for the y,
integral. We also get some contribution from integrals that were used to close the contours
in the complex plane but these contributions vanish in the 7" — oo limit.

In the limit 7" — oo, we have the leading order result in ~y

2

Tr ([ -se™)s) = 577+ O(7Y). (6.113)
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It is worth mentioning that the final answer must be even in . This is indeed the case for
the above calculation.

In general, we want to compute Tr (([ef¥]_y[e=#+],_)"). In the T — oo limit, this is
given by a contour integral

712_1”[ o His (1)~ Hy (y2) -+ Hi(y2p 1)~ Hi (y2p)

Tr (([6 *Jtle” k]"'_ N <y2p y2p*1)(y1 _y2p)

(6.114)

7r2p ’

where Im [y}, , Im[y];, ... Im[y],, ;, < 0 and Im[yl,,Im[yl,,...Imyl,, > 0. We close the
contours for yi,ys, ... y2p—1 in the lower half plane and the contours for ys, v, ... ys, in the
upper half plane. This ensures that the contour does not enclose the poles coming from the
Yir1 — ¥; terms in the denominator.

For Hj, given in (6.111), each factor of v corresponds to exactly one pole in the complex
plane. Therefore, at order 7

#(y1) + #(ye) + .. #(y2p) = J, (6.115)

where #(y;) denotes the total number of poles (with multiplicity) for the y; variable in the
numerator ek —Hi2)++Hi(y2p-1)=Hi(y2p) [f j < 2p, there is at least one variable that has
no pole in the entire complex plane. If we do the contour integral over this variable first,
the result is zero. Therefore, Tr(([e*]_;[e~#*],_)") only contributes non-trivially starting
at O(y%).

To summarize, the 4/ term in log <Zk/Z[1]> vanishes if j is odd. If j is even, we get a

non-zero contributions to the 77 term from Tr(([ef*]_,[e=#*],_)") only if p = 1,2,...j/2.
Using (6.113), we have the full result at order 2,

7, o k2
1 A2 A1
o8 7] = 7 7“+O( Y, (6.116)
so the Rényi entropy is
n+1 Li+L_ fy r
Spll—L_, Ly]) = 1 O (v 6.117

Similarly, we can determine the contribution at higher orders in ~,

Z, K S A i kYt 2% 659
log = Tl ) e (L
70~ (7 T i) T\ T T m

3
6 8 6 -8 8 -8
7L k®~ k® v
—Tt T—t (E Z) +T‘t—65+7“t<7"—5t)(57‘—t)—8m+0( )
(6.118)
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We can now easily do the sum over k£ to get the Rényi entropies and also take the n — 1
limit to get the entanglement entropy.

n+1 L,+L_ r 4 6 8
Su(l-LoLal) ="t [log P EE= 4 F (2 T T 1)

2 2 3 4
(n+1)(7 — 3n?) vt 4% 6598
L YTIE 2T
(n+1)(31 — 18n? + 3n?) v A8 ~8
* 134405 r=O\g ) e
(n +1)(381 — 239n? + 55n* — 5nf) o 10
+ 15907 rt(r — 5t)(5r t)144 +0 (v"),
(6.119)
1. Li+L. v, ot 45 A8 rt (4 A5 6598
L L) =-log == T TR ARTROAN T A
S([=Lo La]) =3 log = 6<7+2+3+4 HEACIC YT
rt v A8 8 rt(r —5t)(5r —t) [ ® 10
(L +2) -2 TN 40HY).
+42[<r >(6+4 72| T 30 ) TO0Y)
(6.120)
It is worth mentioning that the series multiplying r adds up to
1 1 4L_L
—~log(l —7?) = == log —— 6.121
6 Og< ’y ) 6 Og (L+ + L_)Q? ( )

so these terms linearly interpolate between the purely transmitting limit, » = 0, and the
purely reflecting limit, » = 1. All the other terms vanish at these two limits, and represent
the deviation from this linear interpolation.

Perturbing away from the fully reflecting case

In this subsection, we will perform a third approximation to obtain the first order term in ¢,
perturbing away from the fully reflecting case t = 0. . A calculation similar to those above
gives us the result analogous to (6.99)

1og% - —ng%Tr (([eiﬁk]_+[6_iﬁ’“]+_)p>. (6.122)

Again, we restrict ourselves to computing the functional determinant Z; which corresponds
to a single interval across the defect, A =[—L_, L,].

We can compute the O(t) piece in the von Neumann entropy by perturbing away from
the fully reflecting case. The result is

(1) _ dy:dys ~ 1o(y) + &(y2) o d(y1)
s =t [ P pr— (1 2 0(01) — olys) g(¢<y2>)>' (6.123)

R2
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where
(x —iL_)(x +iLy)

o) = L)@ =1Ly

Using a similar contour deformation argument as above, we find,
t L? —6L_L,+ L% L_—1L
sSW=_1(1 i tan [ ———r ) ). 6.125
s\ T~y e \eyr (6.125)
The full answer for the entropy to order t? is then

4L+L_ t L? —6L_L, + L2 L_—L, )
1 — (1 t —_— O(t?).
og —1—8( +2(L IOV L L+arc an { 5 I, + O(t7)
(6.126)

We can also do a small v expansion similar to the previous subsection. We just quote
the final result

(6.124)

S(=L-,L4]) =5

4L+L_ t I S rt (v A5 6598
S(~L_,L 1 L N AN R (O
( ’+])60g +6(7+2+3+4 HE AT
rt SR T—5t (5r—t) [ 7®
- A AR L
B [(T >(6+4 144 7).

(6.127)
This matches with (6.120) at the appropriate order in .

6.4 Entanglement Islands with Graybody Factors

In this section, we will apply our results for the von Neumann entropy to the zero temperature
entanglement island calculations of [229]. The new component is the introduction of a
reflection /transmission coefficient at the interface between AdS, and flat space. We will first
quickly review the setup (see figure 6.2) and then show that the entanglement island behaves
in a monotonic fashion as a function of the reflection/transmission coefficient.

The gravitational theory is taken to be AdS-JT gravity coupled to matter, whose action
is given by [243]

Ilg,¢,%] = ¢o + % /d% VI o (R+2) + Icprg, ¥, (6.128)

where we have put 4G = 1, the constant ¢, gives the extremal entropy, and we have omitted
the Gibbons-Hawking boundary term. The CFT matter action is given by Icpr and we take
the matter fields ¥ to not couple to the dilaton. For the gravity variables, we put the usual
boundary conditions guu|pay = 1/ and ¢|pay = ¢r/c.

Using coordinates (2%, z') with o' < 0, the zero temperature solution of JT gravity is

given by
16— —(d2")? + (dzt)?
N (x1)?

(6.129)
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Figure 6.2: Setup for the QES calculation for a partially reflecting AdS, boundary is shown
on the left. In the gray region, gravity is dynamical and we will consider the Poincaré patch
with its horizon drawn in orange. This region is glued along the AdS, boundary to a flat
space region on the right. The free fermion matter lives in both the AdS; and flat space
regions, but there is partial reflection at the interface. A candidate entanglement wedge
[—a, b] is shaded orange and its complement is shaded blue. The dual SYK + wire system
is shown on the right. The fundamental computation we are doing is of the entropy and the
entanglement wedge of the interval [0, b] in this non-gravitational description.

The JT boundary conditions imply that the AdS, boundary is at 2! = —. We now couple
the AdS, region to half of 2d flat-space, which is non-gravitating. The matter fields are taken
to be free fermions and they propagate on both the AdS and the flat space regions, but we
choose the boundary conditions for them so that they see a partially transmitting interface
at ©1 = —¢, see equation (6.5). This is how our work differs from the previous papers [17,
229].

As emphasized in [229], one should think of the entropies as being fundamentally defined
in a candidate dual description that does not involve gravity. This will look something like
an SYK model coupled to a wire. The transmission coefficient encodes some property of
the coupling between the SYK model and the wire, and the zero temperature equilibrium
geometry corresponds to the ground state of the coupled Hamiltonian.

The goal is to compute the entanglement wedge of the region [0,b] in the SYK+wire
description. A candidate for a QES is the point (z°, z') = (0, —a) in the AdS; region (with
a > 0). The entanglement wedge of [0, b] will be the region (—a,, b) where a, is the location
of the QES. We need to compute the generalized entropy functional Sge,() of a region [—a, b]
that is partially in the bath region and partially in the gravity region, see figure 6.2. For this,
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we need the dilaton profile given in (6.129) and also an expression for the entropy of bulk
matter fields in the semiclassical description, which were obtained in the previous section.
The generalized entropy of the interval [—a, b] is given by

Sgen(a) = ¢0 + % + CSDirac, ﬂat([_afa b]) - élog a, (6130)

where the second term corresponds to the entropies we computed in Sec. 6.2 and the final
term comes from the Weyl factor in the metric (6.129) at the left end-point of the interval
[—a,b]. As already noted, the boundary conditions on the matter fields preserve one copy of
the Virasoro algebra, so the Weyl factor term takes into account the fact that the interface
is now between AdS space and flat space, rather than between two flat half-spaces. We have
also taken ¢ copies of the free Dirac fermion system, and as usual ¢ is taken to be large so
that the entropy coming from fluctuations in the gravity sector can be ignored. Let us define
a quantity k£ with dimensions of length as
6¢T‘

k= . 6.131
. (6131)

Extremizing Sge,(a) with respect to a gives us the location a, of the QES. As before, we
specialize to three cases:

e When the reflection coefficient 7 is small, we use (6.109) for Spirac, fiat and we get
3a3 (ag — b* — 4a2b*log(ag/b))
4(ag — b)? ((ag + b)*(ao + 2k) — 2a3)

where ag is the location of the island in the purely transmitting case [229],

1
a0 = a.(r=0) =3 (b+k+\/b2+6bk+k2>. (6.133)
It is also instructive to look at the extreme limits for b in this expression.

60, 90,

+O(r?), (6.132)

ai(r)=ao+r

G =~ 475 + O(b,1?) (small b), (6.134)
12¢, 120, .
a, = (b~|— c(b ) +r c(b + 01, r*) (large b). (6.135)

We would like to argue that the second term in (6.132) in always positive, so that the
QES moves from its location ag in the fully transmitting case towards the Poincaré
horizon, where it lies in the fully reflecting case. It is easy to plot the second term of
(6.132) as a function of b and k and check that it is positive, but we would like to give
a more illuminating argument. First, note that ap > b, which as observed in [229] is
a condition that is imposed by the Quantum Focusing Conjecture [73]. The function
Sgen(@) at full transmission is positive to the left of the QES, and negative to the right
of the QES. As noted earlier, the correction term in (6.109) is negative definite and
has a maximum value of 0 when L_ = L, or a = b in the notation of this section.

These facts dictate that the QES can only move leftwards from ay.
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e When the transmission coefficient ¢ is small, we use (6.126) for Spirac, fiat and we get

au(r) = (M) Y o), (6.136)

972

The QES goes to infinity as t — 0. In the fully reflecting case, the QES is at the
Poincaré horizon: the AdS, and flat space regions are not coupled at all in this case,

and so the entanglement wedge of the boundary of AdS, better be the entire Poincaré
patch of AdS,.

Note that since a, is getting large, we might worry that the coefficient of the O(t)
term in the bulk entropy formula (6.126) is getting large. However, the overall size of
the O(t) term at the extremization point is seen to be t3, which is small. In general,
entropies cannot grow faster than linearly in the interval size, and so, if the expansion

in ¢ is well-behaved, we do not expect large powers of L_ to show up at higher orders
in (6.126).

ax—b

Ty Is small.

e Taking b to be very large, we expect, as in [229], that the quantity
Keeping terms up to order 4% in (6.120), we find

a*(r)—b(l—i— 1ir%+0(lz—j>). (6.137)

This matches with the small 7 result (6.132) in the common domain of validity, but
we should not trust the exact form of this answer in the » — 1 limit, since 7 is getting
large in that limit.

6.5 Discussion

In summary, within the particular setup and the various limits that we have considered, we
have shown that the location of the QES (and thus the size of the entanglement island) is
a monotonic function of the transmission strength of the interface between the gravitating
region and faraway flat space region. It would be interesting to extend our results to various
other setups in which islands are known to exist, for instance in the 7" > 0 non-evaporating
setup in [229]. It would also be nice to find way to incorporate explicitly-tunable greybody
factors in the setup of double-holography [88], especially in higher dimensions [231]. Our
prejudice is that such monotonicity should always hold. In the case of an evaporating black
hole, specifically using the setup of [17], one should see the QES move from inside the horizon
towards the horizon as one turns on graybody effects. This has to do with the fact that when
the black hole is evaporating, the matter fields are taken to be in the Unruh state, and not
the Hartle-Hawking state. That changes the formulas for the matter entanglement entropy.
In this situation, if the interface is fully reflecting, the QES would be at the black hole
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horizon. When we turn on a coupling between the AdS and the bath regions, thus making
r < 1, the QES moves inwards, as discussed in [16, 17].

Independently of the motivation from black hole physics, it would also be valuable to
go beyond the limits we have considered obtain exact results for the 2d free fermion von
Neumann entropy and the modular Hamiltonian for a general set of intervals in the presence
of a defect.
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Part 11

Top-down Approach
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Chapter 7

Normalization of ZZ Instanton
Amplitudes in Minimal String Theory

7.1 Introduction

The duality between minimal string theory and double-scaled matrix integrals [244] is the
earliest known example of a duality between a gravitational and a non-gravitational system.
The term minimal string theory refers to two-dimensional gravity coupled to ¢ < 1 minimal
models. These are non-critical string theories where the Liouville mode does not decouple.
More precisely, the worldsheet theory consists of the (p/,p) minimal model plus Liouville
theory, with total central charge 26, together with the usual be-ghosts. Here p’ and p are
relatively-prime positive integers, and we work with the convention that p > p’ > 2. The
models with (2, p) matter are dual to matrix integrals over just one matrix. The p — oo
limit of the (2, p) family is JT gravity [245], a subject which has been of much recent interest.

While the minimal string theories are toy models, one of the lessons from them that
generalizes to even critical superstring theories is the existence of stronger-than-expected
non-perturbative effects [246, 247]. Let g5 be the closed string coupling. Then the non-
perturbative effects are of order exp (—Cyg; '), rather than the exp (—Cg;?) expected from
field theory. In the language of JT gravity, g, oc e ° where Sy is the coefficient of the
Euler characteristic term in the action. Given this identification, these effects are “doubly-
nonperturbative” in the parameter Sy [245].

These non-perturbative effects are known to arise from ZZ branes on the string theory
side [143]. In the matrix integral, these effects correspond to one-eigenvalue instantons.
A one-eigenvalue instanton refers to a subleading saddle point configuration in the matrix
integral which differs from the leading saddle point by pulling one eigenvalue out of the
droplet of eigenvalues and placing it at an extremum of the one-eigenvalue effective action
(246, 248].

Let us consider the computation of the matrix integral 3 itself. Let T denote the action
of the one-eigenvalue instanton or the “tension” of the ZZ brane, which is a positive quantity
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of order g;!. The quantity 3 admits an expansion of the form
3=30430 4 =30 (14NeT+.). (7.1)

Here 3 is the perturbative contribution to the matrix integral and 3 ig the contribution
to the matrix integral when one eigenvalue is in the classically forbidden region. One can
also write (7.1) in terms of the free energy as log3 = log 3 + Ne 7 + ...,

The object of interest to us in this chapter is the normalization constant A. Roughly
speaking, in string theory, A is the exponential of the worldsheet annulus with ZZ boundary
conditions on both ends. This annulus amplitude has been computed using the worldsheet
theory (249, 250] and is divergent. However, starting with [251, 252], many papers have
computed a finite value for N using matrix integral technology [251, 252, 253, 254, 255, 256,
245], with ref. [256] containing the result for general (p', p).

This state of affairs is very reminiscent of the recent computations in the ¢ = 1 system,
where the annulus amplitude between ZZ branes is also divergent, while the matrix side of
the duality provides a finite unambiguous answer [25]. It has been shown by one of us [257]
that string field theory techniques allow us to compute N in this case and the result matches
with the matrix computation.

The purpose of this note is to apply these string field theory tools to the (2,p) minimal
string theories and compute the value of A in these theories. We find perfect agreement
with the matrix integral computations [251, 252, 253, 254, 255, 245]. We record the final
result

N =7 i cot(m/p) (7.2)

V321 P2 — 4

Let us make a few comments about the form of this answer. First, the combination N Ts
is natural to consider since the dependence on gy cancels out in this combination. This is
important since it is impossible to fix the multiplicative constant between the genus counting
parameters on the two sides of the duality, since we can always add the Euler characteristic
term to the worldsheet action with an arbitrary coefficient. So, when trying to match precise
numerical constants, one should compute quantities that are independent of g, like N/ T:
rather than A or T separately.! On the matrix integral side, the gaussian integral around the
one-eigenvalue instanton gives a multiplicative factor in A that is proportional to T' ~2. On
the string theory side, this factor arises because the proper volume of the rigid U(1) gauge

group on the instanton is proportional to T3 [257]. Division by this gauge group volume
in the path integral produces the factor of T2. Second, the overall sign of the right hand
side of (7.2) is ambiguous on both sides of the duality, as it depends on a two-fold choice of
the contour of integration over one unstable mode. One should make this choice so that the
result is the same for the matrix integral and the string theory. Third, the normalization

! Another quantity like this would be the ratio of the disk amplitude to the square-root of the sphere
amplitude [258]. See also [259, 260].



CHAPTER 7. NORMALIZATION OF ZZ INSTANTON AMPLITUDES IN MINIMAL
STRING THEORY 116

constant N is purely imaginary and the instanton correction we are studying computes the
leading imaginary part of the free energy. In this sense, this correction is similar to the case
of “bounce” solutions in instanton physics [261] and the instanton correction is meaningful.
Finally, note that the coefficient on the right hand side of (7.2) is finite in the JT gravity
limit p — oo.

Overview

In Section 7.2, we present the computation of A in the double-scaled one-matrix integral,
which is dual to the (2, p) minimal string. The results of this section are not new, and we are
including them to illustrate the relevant tools in the simpler setting of the one-matrix integral.
In Section 7.3, we first present a general string field theory analysis of the divergences in the
cylinder diagram with both boundaries lying on a D-instanton. We then apply these tools
to the (2, p) minimal string and obtain a finite answer that agrees with the matrix integral
result. In Section 7.4, we make a few remarks about the extension of these results to the
more general (p/,p) minimal string.

7.2 Matrix Integral Computation

In this section, we will compute the normalization constant N for the one-matrix integrals
that are dual to the (2, p) minimal string. The results in this section are not new and can
be found in many papers, including [245, 251, 252, 253, 254, 255, 256, 262]. We choose to
follow the streamlined presentation given in the recent work [245].

We start by explaining the setup. The starting point is an integral over all L x L hermitian
matrices

3= / dH e LTrVH) (7.3)

Here V' is a potential which can be taken to be an even polynomial of degree p + 1. The
matrix integral 3 is a function of the coefficients in this polynomial. In the large L limit, we
can talk about a smooth density of eigenvalues and it is supported on a finite interval on the
real axis. The double-scaling limit refers to a procedure where, in addition to taking L. — oo,
we zoom in near the left edge of the spectrum and tune the coefficients of the potential such
that the dominant double-line Feynman diagrams in the perturbation expansion of (7.3)
resemble continuum surfaces [244] . In this limit, the density of states is non-normalizable
and is supported on the entire positive real axis.

We focus on the so-called “conformal background” [263], where the leading density of
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states in the double-scaling limit reads?

eSo
(p(ENO) = — sinh (p arcsinh \/§> O(E). (7.4)

Here O(FE) denotes the Heaviside theta function. This is the density of states that is dual to
standard Liouville theory with only the cosmological constant term in the action turned on.
See, for example, [258] for an explicit family of potentials that lead to the density of states
(7.4) in the double scaling limit. Here, e is the genus counting parameter after taking the
double-scaling limit and x is an arbitrary energy scale.

Using the relationship between the form of the density of states and the spectral curve,
we conclude that the spectral curve is given by [264, 250]

y(2) = sin (parcsin \/ZT@) = (-1 T, (\/%) , (7.5)

where T}, denotes the p-th Chebyshev-T polynomial. One way to see this is to note that
the leading density of states (p(F))® is determined from the spectral curve as (p(E))©) =
—irte%y(iv/E) for E > 0. It is also a standard result in one-matrix integrals that the
derivative Vz(E) of the one-eigenvalue effective potential Vog(E), that includes contributions
from both the potential V' that appears in (7.3) and the Vandermonde determinant, is
proportional to y(v/—E) in the forbidden region E < 0 (see, for example, [245] for a recent

exposition). The precise relationship is

" (E) = 5 (—2y (@)) (for E < 0). (7.6)

Integrating this using (7.5) and taking Veg(E = 0) = 0 we get, for £ < 0 that

1 K 1 E
Veg(E) = —2e% & [m sin ((p + 2) arcsin 4/ §> i sin ((p 2) arcsm

(7 7)
1 —-F 1 —-F
B o -7 il
p+2 p“( 2f<¢> p—2 “( 2n>
Let us now look at the extrema of the one-eigenvalue effective action. From (7.6) and

(7.5), we see that as we move towards negative energies starting at E = 0, the first zero of
V2s(E) occurs at

=2e%k(—1)"7 (7.8)

E* = 2k sin? . (7.9)
p

2To get to the density of states in JT gravity, we need to take xk ~ p? as p — oo [245].
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We record the values of Vog(E*) and V/;(E*), which are obtained from (7.7) and (7.6) using
(7.5):

4psin(2
Vig(E*) — esoﬂ%j (7.10)
(B = —eSp Tt —L 11
eff( ) e K sin(27r/p) (7 )

Now we organize various contributions to the integral (7.3) depending on how many
eigenvalues are in the classically allowed region £ > 0 and how many are in the classically
forbidden region E < 0. The leading contribution 3 comes from the integration region
where all eigenvalues are in the classically allowed region. The next important contribution
3™ comes from the integration region when only one eigenvalue is in the forbidden region.
Next, we borrow a couple of results from [245, 252, 253, 255], which in the notations of [245]
are as follows:

1)
S = [AE e, (7.12)
(p(E)) = " exp(—Veg(E)) for E<O0. (7.13)

Here the subscript F' on the integral denotes integration over the classically forbidden region
E < 0. The formula (7.13) captures the small amount of quantum mechanical leakage of
eigenvalues into the classically forbidden region.?

We now plug in (7.13) into (7.12) and use the saddle point approximation about E* to
compute the integral (along a contour to be specified momentarily):

3(1) _ 1 * 1 " * %\ 2
55 = g P (VB [dB e [JVHED (E- B (119)
1 1 2
_ Vi B*)) X =y e 7.15
e P (VB X 5 e

It is important to note from (7.11) that V/z(E*) < 0 and thus the steepest descent contour
is parallel to the imaginary-FE axis. Furthermore, we only integrate over half of the steepest
descent contour, since, in the perturbative region F > k, the defining contour must lie
along the real axis [245]. Figure 7.1 shows this contour. On the string theory side, this
“unstable mode” is the open string tachyon and one has a similar contour of integration over
the tachyon mode [257].% These facts give us the factor of i/2 in the gaussian integral.’

3As commented upon in [245], the expression for Vg in (7.8) is negative for certain intervals on the
negative real axis. However, in the regime F € [E*, 0], with E* as in (7.9), this issue does not arise, and this
interval is all that we will need. See the discussion of the integration contour below.

4In fact, such a contour is common in decay rate computations using bounce solutions. See, for example,
[261].

5Since we are only interested in computing the imaginary part, we don’t need to worry about the part
of the contour along the real axis, which contributes something real.
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E*

12 -10 -08 -06 -04 -02 00

Figure 7.1: The contour of integration for the eigenvalues showing that we only need to
include “half” of the steepest descent contour for the instanton saddle point. We have
shown the numbers for the case p = 3 with k = % but it is qualitatively similar for all p. In
string theory, the integration contour for the open string tachyon also looks like this.

Comparing (7.15) to (7.1) and using equations (7.9), (7.10) and (7.11), we get

4psin(27
T = Veg(E*) = 55 % , (7.16)
N =e Pyt i cos(r/p) (7.17)

16y/7 \| psin®(n/p)

As explained in the introduction, it is natural to factor out T-3 from the expression for N,
and so we write the above result as

N =7 L cot/p) (7.18)

V3m JP—1

Refs. [251, 252, 253, 254] contain this result for p = 3, while the result for general p can be
found in [255].5 Ref. [245] was interested in the limit p — oo.

We would like to explain one subtlety in the above analysis. One can explicitly check
that the effective potential given in equation (7.8) has (p — 1)/2 extrema on the negative-E£
axis. Roughly half of them are maxima and half are minima. The extremum at E* in (7.9)
is the one closest to the origin and is a local maximum. However, even among the local

SNote that some of these references are computing an integral over the full steepest contour through
the saddle point, and others are including contributions from both ends of the eigenvalue cut, and thus the
pre-factors quoted there are a multiple of the value in (7.18).
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maxima, this is not the one with the smallest value of the effective potential, in general.
This raises the question of why we have chosen the saddle point £* in (7.9) as the relevant
saddle. The point is that we want the perturbation series of the matrix integral to match
with the vacuum string perturbation theory, and so we should not allow the integration
contour for the matrix eigenvalues to pass through regions on the real axis with Vog < 0,
since these regions will give real contributions to the matrix integral that are much larger
than the terms in perturbation theory around the saddle point (7.4). This can be avoided
by turning the integration contour along the steepest descent contour once it reaches E*.

7.3 String Theory Computation

In this section we shall describe the string theory computation of the leading imaginary part
of the partition function, arising from a single ZZ-instanton contribution.

The string theory that is dual to the double-scaled one-matrix integral described in
Section 7.2 is Liouville theory coupled to the (2, p) minimal model and the be-ghost system.
The b parameter that appears in the Liouville lagrangian is determined by p and is such that
the total central charge of Liouville, the matter CFT and ghosts adds up to zero. One finds

b= /2/p.

The cylinder diagram and its divergences

We shall begin by describing some general issues that arise in the analysis of the cylinder
diagram with boundaries lying on a D-instanton (whose analog in non-critical string theory
is the ZZ instanton). We can express the cylinder partition function in the open string
channel as:

A= /0 N %F(t) | (7.19)

where F(t) has the structure

F(t) = Z e 2mhyt _ Z e—2wﬁft7 (7.20)

b f

with h; and fo being the Ly eigenvalues of the bosonic and fermionic states of the open
string with any ghost number and subject to the Siegel gauge condition. A state |x) is said
to satisty the Siegel gauge condition if

bolx) =0 (Siegel gauge condition). (7.21)

The states are taken to be fermionic if they carry even ghost number and bosonic if they
carry odd ghost number — this is the correct assignment of statistics when we regard the
coefficients of these states as modes of the open string field on the D-instanton. The Siegel
gauge condition (7.21) is needed, since without this condition there will be an equal number
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of bosonic and fermionic states related by the action of the ghost zero modes by or ¢y, and the
partition function will vanish. The way this gets implemented in the worldsheet computation
is via the insertion of bycy to soak up the ghost zero modes on the cylinder [265].

In theories of interest to us, the integral (7.19) has no divergence in the ¢ — 0 limit,
indicating that the (regulated) number of fermionic and bosonic states are equal. In the
hypothetical situation where h;, and ﬁf are all positive, there are no divergences in the
t — oo limit either, and A is given by

(7.22)

For positive hy, h 7 this can be used to express the normalization factor N accompanying the
instanton amplitude as an integral,

Y. (Hfhf>2 _ H}ﬁf;
h 1/2
Ly [ by (7.23)

/ H H dpydgy exp [—— > ey - Z hyprar|

where ¢, are grassmann even variables and py, gy are grassmann odd variables. The prime

on the summation and the product symbols indicate that, since h #’s occur in pairs,” we let
the sum and product over f run over half the number of original variables, and for each f
introduce a pair of grassmann odd variables pf,gs. The final expression in (7.23) may be
regarded as the path integral over open string fields in Siegel gauge, with the understanding
that open string fields live on the zero dimensional worldvolume of the D-instanton and
therefore are just ordinary variables. Our conventions for the open string field action are
described at the end of this section.

As long as hy, and hy are positive, (7.19), (7.22) and (7.23) are all well defined and are
identically equal. However in most situations, some of the h;’s are negative or zero, and some
of the h #’s may vanish. In that case (7.19) and (7.22) are ill-defined. The final expression in
(7.23) is also ill-defined but we can try to make sense of this using insights from string field
theory. We shall now describe this procedure.

First we note that, for hy,hy > 0, we can pick any non-negative integer n and write

"This can be seen as follows. For any choice of basis states {|a)} for Siegel gauge states with a fixed
Ly eigenvalue, (alcg|b) gives a non-degenerate inner product matrix. Since this inner product pairs states of
ghost number n and (2 — n), we see that for every n other than n = 1, the Lo eigenvalues occur in pairs
in sectors with ghost numbers n and (2 — n). Since fermions arise from even ghost number sector, the h ¢’s
always occur in pairs.
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State Lg eigenvalue | Ghost | In Siegel | Field | Grassmann parity
number | gauge? | name of field
c1]0) —1 1 Yes o even
coc|0) -1 2 No - odd
|0) 0 0 Yes 2} odd
co|0) 0 1 No W even
C10_1|0> 0 2 Yes a1 odd
cocrc—1|0) 0 3 No - even

Table 7.1: A list of states that are relevant for the discussion of divergences in the cylinder
diagram. We have ordered the states first by their Ly eigenvalues and then by their ghost
numbers. A state and the corresponding field appear multiplied together in the expansion
of the open string field as |¥) = ¢1¢1|0) + .. ..

hybrid expressions for A and N as

o dt [ 2n 2n N i 00 dt 2n 2n A
A= / o F(t) — Z e~ 2mths 4 Z e~ 2mthy | 4 / 5 [Z o2mthy _ Z 6—27rthf]
0 | b=1 f=1 i 0 b=1 f=1
B 2n 2n T on 7 (724)
2n ’
o 2t L b=1 f=1 i 2 b=1 hy
% q¢ 2n 2n )
N = eA — exp [/ 2_ [F(t) _ Z 6—27T'thb + Z 6—27Tthf]]
. ! ™ (7.25)

2n n 2n n
doy 1 2 5
X — dprdqgrexp | —= h — h )
/ bl:[l ﬁ?wg prdqy p[ 5 bEZI NN fEZl fprf]

Now, when some of the h;’s or h s’s are negative or zero, we shall choose n to be such that
for b, f > 2n all the hy’s and hy’s are positive. Then the term in the first line of (7.25) is
finite since we have subtracted the ‘bad’ contributions involving hy, h ¢ <0 terms from F(t).
Furthermore, since the subtraction term vanishes as t — 0, the integral is free of divergences
from the ¢ — 0 end as well. Thus, we are left with the goal of making sense of the integral
over the modes ¢, for b < 2n and py, ¢; for f < n.

For the D-instantons that we shall discuss, the bad modes consist of one bosonic mode —
the tachyon mode ¢; corresponding to the state ¢;|0) with h, = —1, and a pair of fermionic
modes py,q corresponding to the states |0) and icic_1|0) with Ay = 0. The coefficients i
in these states have been chosen to ensure that the modes multiplying these states are real.
Since there is only one bad bosonic mode and two bad fermionic modes, we can choose n = 1
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in (7.25). See Table 7.1 for a list of the states that are relevant for the discussion and their
basic properties.

First we shall discuss the integration over the bosonic modes ¢; and ¢,. Since hy >
0, the integration over ¢, gives a standard gaussian integral. The integration over ¢; is
problematic since the exponent takes the form exp(¢?/2). We shall carry out this integral
by regarding this as a contour integral in the complex ¢; plane as follows[257]. Since the
vacuum without any D-instanton is represented by a particular solution of the open string
field theory corresponding to some positive value 5 of ¢, the integration contour must pass
through S. For this reason we take the integration contour to lie along the positive real axis
for Re[(] 1) > 0. However once we reach ¢; = 0, we take the contour to be along (half of)
the steepest descent contour — either from —ioco to 0, or from ico to 0. The integration along
the real axis is real and can be regarded as the perturbative contribution since the contour
passes through the perturbative vacuum. The leading imaginary part comes from the part
of the contour from 4ico to 0. These two choices differ by a sign — an ambiguity that is also
present in the matrix model. Choosing the contour to be from —ioco to 0 for definiteness, we
can write (the leading imaginary part of) the bosonic part of the integral as:

0 oo :
dgy $2/2 dos _, $2/2 L, _1/2
—"! —=e %/ =_] . 7.26
/—100 V2 oo V2T 2°° (7.26)

Next we turn to integration over the fermion zero modes p;,q;. We can get physical
insight into the origin of these modes if, instead of a D-instanton, we consider a Dp-brane
extending along some directions in space-time in any bosonic string theory. In that case the
gauge field a,(k) living on the brane appears in the expansion of the open string field as a
term proportional to [ dP™'ka,(k)a’ ci|k) where ot are the oscillators associated with the
scalars X* describing coordinates tangential to the brane and |k) = ¢**(®|0) are momen-
tum carrying states. In string field theory, gauge transformations appear as BRST exact
states Qp|A) (plus higher order terms), and |A) is referred to as the “gauge transforma-
tion parameter”. For instance, usual spacetime gauge transformations of the gauge field
da, (k) o ik,0(k) appear via the term ¢ [ dP™'k0(k)|k) in |A). Note that this term in |A) has
ghost number zero. Then the linearized gauge transformation @g|A) produces a term pro-
portional to i [ dP*k0(k)k,at ¢ |k). Comparing to the state representing the gauge field,
we see that this generates the usual gauge transformation law da, (k) o< ik,0(k).

The gauge transformation Qg|A) also produces a state proportional to i [ dP*'k 6(k)k?
X co|k). This translates to a transformation dv(k) oc k*6(k) where 1 (k) is the field multiply-
ing the state icy|k). The Siegel gauge choice corresponds to setting 1(k) = 0. This produces
a Jacobian proportional to k2, which is represented by a pair of Fadeev-Popov ghosts p;(k),
¢1 (k) multiplying the states icic_i|k) and i|k). Since these states have conformal weight
hy = k2, integration over p; and ¢; will precisely produce the required Fadeev-Popov deter-
minant k2, for k # 0.

Now, the issue is that, on a D-instanton we have k£ = 0. Thus, neither the “gauge field”
nor the field ¥ multiplying ico|0) transforms, showing that the Siegel gauge choice breaks
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down. This is a reflection of the fact that the usual local U(1) symmetry on the Dp-brane
becomes a rigid symmetry on the D-instanton. The remedy is to go back to the “original”
form of the path integral where we carry out integration over all the “classical” modes of
the theory and explicitly divide by the volume of the gauge group. In string field theory
language, fields that multiply states of ghost number one are referred to as classical since the
physical open string states belong to this sector. Concretely, among the states in table 7.1,
this means that instead of integrating over {¢, p1, q1}, we integrate over {¢1,%} and divide
by the volume of gauge group. The precise normalization of the integration measure can be
fixed by carefully following the line of argument described above and gives the replacement
rule[257]:
[dpe ¥ m

/dpldCh — fd@ = fdﬁ'

The —? in the exponent is the result of evaluating the open string field theory action
for the out-of-Siegel-gauge grassmann-even mode ¥,® . The quantity € can be related to
the rigid U(1) symmetry paramater ¢, under which an open string with one end on the

(7.27)

instanton picks up a phase e?, by comparing the string field theory gauge transformation to
the rigid U(1) transformation. For canonically normalized fields and gauge transformation
parameters, the transformation law of a charged field ® is proportional to ig,f ®, as in
conventional quantum field theories. Here g, is defined to be the coefficient of the cubic
term in the open string field theory action, with conventions as described at the end of this
section. This should be equated to the transformation law 0 = 16 ® under infinitesimal
rigid U(1) transformation. A detailed calculation of the constant appearing in the string
field theory gauge transformation law leads to 6 = 0/¢,[257]. On the other hand, the open
string coupling g, is related to the instanton action 7' via g, = (27r2T)*%.9 Therefore we
have

/d9 =g,° /dé = 2rg; ! = 227772 (7.28)

since 6 has period 27.
Substituting (7.26), (7.27) and (7.28) into (7.25) we get:

N = exp [/ g [F(t) — (¥ + e — 2)}} xi273r 2 hT2T7E, (7.29)
0

where h = hs. One can easily check that the expression is independent of h by taking
derivative with respect to h. Therefore we do not need to choose h = hs, any choice of h > 0
will give the same result.

8The generalization of this term to a Dp-brane would be — [ dP™'z (¢ + v 9,a*)?, where the constant v
is chosen such that the combination v + v J,,a" is gauge invariant.

9There are many ways to derive this result, but the one that holds universally is from the observation
that the tachyon vacuum solution in open string field theory has action T — (272¢2)~! [266, 267]. Since this
describes the vacuum, we must equate this to zero, leading to T = (272¢2) L.
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Specialization to minimal string theory

We shall now use (7.29) to compute the normalization of the instanton amplitude in the
(2,p) minimal string theory. The form of the integrand F'(¢) for the cylinder diagram in
minimal string theory is well-known [249]. Since we are studying the cylinder diagram, we
need to specify boundary conditions for the worldsheet fields. For the Liouville CFT, we
pick the “(m,n) = (1,1)” ZZ boundary condition [143], as this is the one that corresponds
to the saddle point E* in equation (7.9) in the matrix integral [250, 259]. For the matter
CFT, we pick the Cardy state on both ends so that the open string channel only contains
the identity character [268].1°

Let t be the modulus of the cylinder that corresponds to time in the open string channel

and let ¢ = e~?™. The partition function of Liouville theory on the cylinder with (m,n) =
(1,1) ZZ boundary conditions on both ends is [143]
15— (=2
ZLiouville(t) = (q_l — 1) g ¢ s nit)™! = (C]_l - 1) qg = nlit)"". (7.30)

The partition function of the matter CFT with the given boundary conditions equals the
identity character in the minimal models, which is given by [269, 270)]

LN > (4pk+p—2)2 (4pk+p+2)2
Zmsal) = (i) 3 (a5 =g (7.31)

k=—o00

Multiplying the contribution 7(it)? from the ghosts (see, for example, [265]), we find

F(t) _ (627rt B 1) i (6—27rtk(2pk+p—2) . e—27rt(pk+1)(2k+1)) ) (732)

k=—o00

It is important to note that the leading terms in F'(¢) as t — oo are the ones with k& = 0:
F(t)=(e""=1) (1 —e ™+ 0(e™*™)) =™ =24 0(e ™). (7.33)

As discussed earlier, the e?™ term arises from the open string tachyon, while the —2 arises
from the two ghost zero modes.!!

If we substitute (7.32) into (7.29) and choose h = 1, we can see that the k£ = 0 term in
the sum exactly cancels the subtraction term (e?™ + e~2™ — 2). The rest of the terms may
be analyzed using the general result:

> dt —2mhqt —2mhat ]' h2
/O 5 (e e ) 5 h (7.34)

For the (2,p) minimal string, there are (p — 1)/2 possible ZZ brane boundary conditions [264]. By
comparing the relative tensions of these branes (given in, for example, [250]), to the relative heights of the
extrema of the matrix effective potential (7.8), one can establish that it is the (m,n) = (1,1) ZZ brane, with
identity character from the matter CFT, that corresponds to the matrix saddle point at E* in (7.9) with
Vest(E™) as in (7.16).

"Tn the ¢ = 1 case, we have F'(t) = e?™ — 1 exactly. The change of coefficient in the Ly = 0 sector comes
from an additional bosonic zero mode that corresponds to time translations of the D-instanton [25, 257].
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Using this we can rewrite (7.29) as
< :
N =i i3} H {(pk +1)(2k+1)—1 k(2pk+p—2)
k(2pk+p—2)—1 (pk+1)(2k+1)

»

T (7.35)
T
—i2 37 2T 2 H B 1)2(%1“)2
k=—oc0 p2k‘2
k0

) it x? sin 27z it 4z
sinx = 7T£L‘H (1 - ﬁ) ) COSTL = o = H <1 - (Qk—_l)2) (7.36)

k=1

4

oo 1 _
m p H 2(2k—1)2

PTG p°k?

Using this it is easy to see that product over terms in (7.35) for & < 0 produces %COt %.

For positive k, (7.35) is missing the 1 —4/p? term from the cosine infinite product in (7.36).
Thus the infinite product term in (7.35) produces

2

T T T 7 m T
—cot — X X —cot — = cot® —. 7.38
pp l—5% p p P-4 p (738)
Using this result in (7.35) yields
1 t
Nopt L cotn/p) (7.39)

32m S =1

in perfect agreement with the matrix integral result (7.18).

Conventions for the open string field theory action
Let us denote by |¥) the open string field which takes the form
T) = ¢yc1]0) + itpco|0) + . .. (7.40)
The vacuum state is normalized so that
(0]c—1coc1|0) = 1. (7.41)

Our starting point is the path integral over fields with ghost number one, divided by the
volume of the gauge group. In the string field theory literature, the fields with ghost number
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one are known as “classical” fields since the physical open string states belong to this sector.
We take the weight in the path integral to be exp(—S) with the quadratic part of the action
being

1
S = S (WIQs D). (7.42)
The BRST charge )p is given by
Q —]{%(T—i—'b de:) (7.43)
= ¢ 5 (cTnt:bede:), :

where T, is the matter stress tensor. There is also a cubic term in the action[271]. See
for example, [266] for a detailed form of this coupling. If we normalize the string field so
that the kinetic term is independent of the coupling as in (7.42), then the cubic term has an
explicit factor of the open string coupling g,.

From the above equations, one can see, for example, that the contribution of the tachyon
field ¢; to the quadratic action is

55 £ (0l Qp realo) = —27. (7.44)

and thus the weight in the path integral is exp(¢?/2). The action for ¢ is similarly seen to
be )2,

7.4 Generalization to (p/,p) Models

A more general class of minimal string models is Liouville theory coupled to the (p',p)
minimal model and the be-ghost system. Here p and p’ are relatively-prime integers with
p > p' > 2. The b parameter of Liouville theory is determined by the requirement that the
total central charge vanishes; the result is b = /p//p.

The Liouville sector admits ZZ boundary conditions labeled by two integers (m,n) [143].
We leave a general analysis to future work, but for illustration purposes, we note here that
the computation in Section 7.3 can be extended to the (p’, p) minimal string with the same
boundary conditions. That is, we pick the (m,n) = (1,1) ZZ state for Liouville, and for the
matter CFT, we pick the Cardy state on both ends so that the open string channel only
contains the identity character [268]. This gives the partition functions [143, 269, 270]

_e-h?
Ziowine(t) = (¢~ = 1) ¢~ w7 n(it)~", (7.45)
oo (2pp' k+p—p')2 pp'k )2
Zmasner(t) = (i)™ Y (q e e ) . (7.46)

k=—oc0
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Combining the Liouville, matter and ghost contributions to F'(¢), using (7.29), and following
the same steps as earlier, we get

N —i2 sg 573 ﬁ [p’fﬂ pk+1)—1 k(pp'k+p— p)} 12
k(pp'k+p—p)—1 (pk+1)(p'k+1)

Ic;tO

(b))

1 -2 12
X (1 - k;2p2> (1 - k2p’2) ] (7.47)
i sin (;{ + 5) sin (5 _ §> :

V32r | sin®(w/p) sin®(7/p') (p? — p?)

P \/cot2 7r/p —cot2(7r/p)
\/_ /2

This agrees with (7.39) when p' = 2.

For p > p/ > 3, these string theories are dual to the double-scaled limit of a two-matrix
integral [272, 273]. The two-matrix integral is more complicated, so we won’t go into the
full analysis of the eigenvalue instanton in this case [260, 256], and just note that the result
(7.47) agrees with the m = n = 1 expression given in [256].12 We leave a fuller investigation
of the two-matrix case to future work.

Njo

=12"

=

Il
=
[SIE

12Tn carrying out this comparison, following the comment in footnote 6, we have divided the result of
[256] by two. However, since the saddle point corresponding to m = n =1 is not the dominant saddle point
in general, we need to carefully analyze the full integration contour to figure out how the steepest descent
contour fits in. Since this issue exists both in the matrix model and in string theory, we expect any additional
factor to affect both sides in the same way. Hence it should not affect the comparison.
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Chapter 8

Multi-instantons in Minimal String
Theory and in Matrix Integrals

8.1 Introduction

Minimal string theories are toy models of string theory where the worldsheet CF'T consists of
a minimal model, the Liouville field and the be ghosts [244, 274]. These theories admit a dual
description in terms of double-scaled matrix integrals [244]. An insight from these toy models
that generalizes to even critical superstring theory is the existence of “D-instanton” effects,
which are nonperturbative effects of order exp(—A g; ') [246, 248, 247] for some constant A,
rather than exp(—A g;?) that might be expected from field theory considerations. Here g,
is the closed string coupling. In minimal string theory, these objects were later identified as
77 branes [143]. From the perspective of the matrix integral, these nonperturbative effects
correspond to one-eigenvalue instantons [246].

Motivated by the study of instanton effects in the ¢ = 1 string theory [25, 275, 257,
276], as well as critical (superstring) theories [277, 278, 279, 280, 281], in our previous
work [23] we used tools from string field theory to compute the normalization constant that
multiplies these instanton contributions to various physical quantities. In particular, the
genus expansion of the free energy F' reads

F = Z Fyg, 7™ + Nexp (—Ag, ") + ... (8.1)
g=0

and we are interested in computing the constant /. We have indicated the perturbative
contribution and one particular instanton contribution. The dots indicate other nonpertur-
bative corrections. Physically, Ag;! is the tension of the ZZ brane and A is the exponential
of the annulus diagram. The annulus diagram between two ZZ branes is known [143, 249,
250], but, unfortunately, is ill-defined when the two boundaries of the annulus lie on the
same ZZ brane. The dual matrix integral, on the other hand, predicts a finite value for N/
(248, 252, 255, 253, 254, 256, 282, 283, 245]. In [23], we resolved this tension by noting that
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the exponentiated ZZ annulus is, in fact, finite. This is done by identifying the source of the
divergence as a pair of Majorana zero modes, which are zero modes because Siegel gauge
breaks down in the presence of D-instantons [257]. In particular, this happens because the
usual U(1) gauge symmetry on the worldvolume of D-branes is a rigid U(1) symmetry in
the case of D-instantons. Reverting back to a non gauge-fixed form of the path integral then
yields meaningful results which agree with the matrix integral [257, 23].

Since the perturbation series given in (8.1) is not Borel summable, the significance of
non-perturbative instanton corrections is not a priori clear. In [23] we addressed this issue
by noting that while the coefficients Fj, are all real, the normalization constant N is purely
imaginary. Therefore instanton corrections give the leading imaginary contribution to the
free energy, and this can be reliably computed using D-instanton physics. In this chapter,
we shall take a somewhat different point of view that was already present in the early papers
on this subject, for example in [252]. In the matrix model, once we express the integral over
matrices as integration over eigenvalues, the effective potential of the eigenvalues develops
various saddle points. We can then choose to integrate all the eigenvalues over the Lefschetz
thimble (generalization of steepest descent contour for multi-dimensional integrals [284, 285,
286]) of the perturbative saddle point, or we can choose to integrate all but a finite number
of eigenvalues along the Lefschetz thimble of the perturbative saddle point and distribute
the integration over the rest of the eigenvalues along the Lefschetz thimbles of various non-
perturbative saddle points. This gives a definition of the general multi-instanton contribution
to the matrix model partition function. Eventually, the complete non-perturbative result is
obtained by expressing the actual integration contour as sum over the Lefschetz thimbles
of different saddle points with appropriate weights, but this involves a separate analysis.
From this view point, the analysis of [23] involved the contribution from the integration
contour where all but one of the eigenvalues are integrated over the Lefschetz thimble of the
perturbative saddle point and one of the eigenvalues is integrated over the Lefschetz thimble
of a non-perturbative saddle point. One minor difference between these two perspectives is
that in the analysis of [23], since we focused on the full integration contour that happened to
contain only half of the Lefschetz thimble of the non-perturbative saddle point, the instanton
contribution had an extra factor of half that will be absent in the new perspective.

We believe that a similar perspective should also exist in string (field) theory, but since
at present we do not have an independent non-perturbative definition of string theory, we
cannot give a fully rigorous description of what the D-instanton contributions represent.
Nevertheless, we can offer the following limited perspective. Formally, D-branes with differ-
ent boundary conditions, as well as the perturbative vacuum, are expected to be different
classical solutions in a parent open string field theory that can be the open string field theory
on a particular D-brane configuration [266, 287, 267, 288].!1 We can then regard the contri-
bution from a given set of D-instantons as the result of path integral in the open (+ closed)

'In the critical superstring theory, the role of the parent theory could be played by the open string field
theory on a set of unstable space-filling D-branes or brane-anti-brane systems. Various D-branes, including
D-instantons, as well as the perturbative vacuum, can be regarded as classical solutions in this theory [289,
290, 291].
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string field theory along the Lefschetz thimble of one of these saddle points. Irrespective of
the details, the conformal field theory approach gives a systematic procedure for computing
the contribution due to the D-instantons, and this is what is needed for comparison with the
matrix integral results.

In this article, we continue our analysis of such nonperturbative effects in the partition
function of both the matrix integral and the minimal string theory, and extend our results to
include a general configuration of instantons. By a general configuration, we mean that we
can have ¢ instantons of one type, {5 instantons of another type, and so on. We present both
the string theory and the matrix integral computations for completeness, although various
special cases of the matrix integral computation have been discussed earlier. For a single
instanton in the one-matrix integral, the matrix integral computation has been considered
by many authors [248, 252, 255, 253, 254, 282, 245]. For a single instanton in the two-matrix
model, see [256, 260]. For ¢ identical instantons in the one-matrix model, see [283, 292]. We
review and extend these results to a general configuration of instantons in the two-matrix
integral.

We find perfect agreement between the string theory result and the matrix model result.
The structure of the results, equation (8.31) in the string theory case and equation (8.137)
in the matrix integral case, are identical. Further, the quantities appearing in these formulas
also match precisely.

To prevent the reader from getting lost in the technical details, we end this introduction
by highlighting the key qualitative ideas in our computation.

e When we place ¢ eigenvalues at an extremum of the one-eigenvalue effective potential,
the result does not vanish despite the presence of the Vandermonde determinant. This
is because we need to do an ¢ x ¢ Gaussian matrix integral exactly.

e In the matrix computation of the normalization constant for the two-matrix integral,
we need to take into account a slight subtlety that the expansion of log Z contains
terms that are proportional to N log N [256].

e We compute the matrix integral results before taking the double-scaling limit, for
which we need to take into account some 1/N corrections in the one-eigenvalue effective
potential and the perturbative free energy [282].

e On the string theory side, the cylinder between identical ZZ branes requires a string
field theory analysis to get a finite meaningful answer [257, 23]. Instead of using Siegel
gauge, one needs to do the path integral over the fields with ghost number one, and
explicitly divide by the volume of the gauge group. The rigid gauge group on the
worldvolume of ¢ Z7 branes is U(¢) and we need to carefully compute the proper
volume of this group [293].

e In the presence of non-identical instantons, the result depends on the cylinder connect-
ing two different ZZ branes. This cylinder is finite [249, 250] and we do not need to
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resort to any string field theory analysis. For the sake of completeness, we re-derive
these results from a different perspective.

Overview

Section 8.2 discusses the string theory computation of the multi-instanton contribution to
the partition function in (p’, p) minimal string theory. Section 8.3 discusses the computation
in one-matrix integrals that are dual to (2,p) minimal string theory. Section 8.4 discusses
the same computation in two-matrix integrals that are dual to general (p’, p) minimal string
theory. The appendices contain various technical details of the computations as well as some
background material.

8.2 String Theory Computation

The worldsheet CFT for the minimal string theory of interest consists of the (p’, p) minimal
model serving the role of a matter sector, the Liouville field and the be-ghosts [274]. Here
p’ and p are two relatively prime integers with p’ < p. The central charge of the minimal
model and Liouville sectors is

6(p —p')?
pp’

6(p + p')?

p (8.2)

Cmatter — 1— ) CLiouville = 1+

The b parameter of Liouville theory is given by b = +/p'/p.

Minimal string theory contains ZZ-branes [143] which are akin to D-instantons. These
branes have the ZZ boundary conditions [143] for the Liouville sector and Cardy boundary
conditions [268] for the minimal model. They give rise to nonperturbative effects proportional
to exp(—Ag; 1), realizing the fact that closed string worldsheets can develop boundaries non-
perturbatively [247]. There are some BRST equivalences between these boundary conditions,
and an independent set of boundary conditions can be obtained by restricting to the (m,n)
77 boundary condition for the Liouville field [143] and the most basic Cardy state for the
minimal model (the one that only contains the identity character in the open string channel)
[260, 264]. The integers m,n are restricted to the range 1 <m <p'—1,1 <n < p— 1 with
further identification under (m,n) — (p' — m,p — n).

In general, minimal string theory is dual to the double-scaling limit of a two-matrix
integral [272, 273]. When p' = 2, one of the matrix potentials is Gaussian and the matrix
integral can be reduced to a one-matrix integral.

Cylinder with identical boundary conditions

We begin by quoting our result from [23] about the exponential of the ZZ annulus with (1, 1)
boundary conditions on both ends. This requires un-gauge fixing back out from Siegel gauge
and using a form of the string field theory path integral with an explicit division by the
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volume of the rigid gauge group on the worldvolume of the ZZ instanton. The result takes
the form: )
1 t%(m/p) — cot?(m/p) \

Nk (CO . 33

11 = (Ti1) N 72— p? (8.3)

As remarked in Section 8.1, compared to [23], we have integrated over the full steepest
descent contour, rather than only half of it.

The annulus diagram between two identical ZZ branes, both labelled by (m,n), is given
by [143]

k=1 1=1
Xk,l(t) _ n(it)_l (q—kl _ 1) q—(k:p_lp/)2/4pp/7 qi= 6—27rt ) (85)
The contribution from the minimal model Cardy state is [268, 270]

o0 /! . \2 / /N2
Zmer () = ity Y <q s Ay ) 7 (8.6)

j=—o00

and the contribution from the ghosts is 7(it)? [265]. The net result is a contribution
Y oret Doy For1 -1 (t) with
Fa(t) = (q_kl —1) q_(kp_lpl)Q/‘lppl Z [q(2pp’j+p—p/)2/4pp/ _ q(2pp’j+p+p’)2/4pp’] ' (8.7)

j=—00
The exponentiated annulus thus becomes a product

n

Ninn = €xp [;Z/ —Fop_1211 )] :HH Mok—1,21-1 (8.8)

k=11=1

where we have defined

Mys = exp UOOO 4t e )} | (8.9)

2t

Note that Fy; has a small ¢ expansion that reads ¢~!' — 2 + O(q), which causes M to
be ill-defined. There are two issues: The tachyon gives the ¢! and the two fermionic zero
modes give the —2. These need to be dealt with using insights from string field theory, as
was explained in detail for the case of minimal string theory in [23].

The main identity that we need to compute Maj_1 91 is

h
2 (8.10)
1

Oodt —2mhit —2mhat ]'
_ ™ _ Y _ 1
|5 = e — S 2
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This identity is valid for Ay, he > 0. If either hy or hs is negative, we can use the right
hand side to compute the analytic continuation of the left hand side. The use of analytic
continuation may be justified by noting that in string field theory the steepest descent contour
for a mode with negative h runs along the imaginary axis instead of the real axis.

When (k,1) # (1,1), we can use the analytically continued version of (8.10) to perform
the integral over ¢, which gives us?

B (2pp'j +p+ )2 — (kp+ )2\ f (200 +p— )2 — (kp — )2\ ]?
M _g H (2pp'j +p+p')? — (kp —1p')? } {(2pp’j +p—p)*— (kp+1p)? H
11 {(Qpp’j + (k4 Dp+ 4+ Dp)@pp'j — (k= 1p— (- 1)p)
Cpp'j+(k+1)p—(U—=1)p)2pp'j — (k—1L)p+ (I +1)p)

R . 1
(2pp'j+(k+1)p—(+1)p )(2pp’y—(k—1)p+(l—1)p)r o1l
(@pp'j + (k+ Dp+ (1 — D)p)@pplg — (k— Dp — (1 + D)) (8:11)
B k+1 +1 1 -1 k+1 +1 k—1 -1\ 3
Uty U U 50— 5 )|
U+ -+ 50+ +5)0 - — 5]
_ -1
USRS 505 - 50+ -5 |
U+ -5+ 5 -5+ 5 + 50+ 5 +5) ]

In the last step we have made a j — —j transformation in the second and third factors in
the numerator, and in the first and fourth factors in the denominator. Now we can use the
infinite product identity

jt+a a I+5 a 1-%  sin(ma)
B = = 8.12
b H 2 sin(rb) (8.12)

to get

1Y
M= | =

1
<Sin2(7f(l_;1)) _ sin2(”(k+,1)> (sinQ(”(l*”) _ Sinz(ﬂ(kgl)) 3

2p 2p
s 2rm(I=1)N i 2 w(k+]) s 24Dy o2 (k=1
_(sm (Fg) —sin® (55~ ) (sm (Fg,) — sin® (55~ >
2As discussed at the end of this section, for special values of (p’, p) we get some vanishing exponents of
q even for (k,¢) # (1,1). For now we shall ignore this problem and simply use the fact that the problematic

terms cancel pairwise. However we should keep in mind that for these special values of (p',p), our string
theory results remain somewhat formal.




CHAPTER 8. MULTI-INSTANTONS IN MINIMAL STRING THEORY AND IN
MATRIX INTEGRALS 135

Armed with this formula for My, we can see that the product formula for N, , in
equation (8.8) telescopes. We first do the product over all values of (2k — 1,20 — 1) except

(1,1).

(8.14)

- — - <Sin2(§)—sin2(%l)> <sin2(@)> P
A ) () - ) e

(8.16)

Now, we need to treat M, ; using string field theory. Each brane, labeled by the integers
(m,n), has a worldvolume theory. There is an action for this theory, which is the standard
cubic action of open string field theory [271]. The overall coefficient in front of this action is

—2
<g§m’n)> , and the tension of the brane is related to this coupling via [266]

1 -2
T = — (g™ " . 8.17
n=53(9"") (8.17)
Minimal string theories are known to have branes with negative tension. We expect that
the relation (8.17) will continue to hold in that case as well if we demand that the universal



CHAPTER 8. MULTI-INSTANTONS IN MINIMAL STRING THEORY AND IN
MATRIX INTEGRALS 136

‘tachyon condensation’ on those branes continue to give the perturbative vacuum as usual.
Note that for negative tension branes the universal tachyon has positive mass-squared and
‘tachyon condensation’ actually raises the tension instead of lowering it.

We will not repeat the steps of the string field theory analysis, but the main insight is
that the two zero modes arise due to the failure of Siegel gauge, which, in turn, is related
to the fact that the usual gauge symmetry on a D-brane worldvolume is a rigid symmetry
in the case of D-instantons. So we need to work with the string field theory path integral
over fields with ghost number one, and explicitly divide by the volume of the rigid symmetry
group. The proper volume of that group equals 27/ ggm’") = 2\/§7T2T7271n/2 [257]. Following
these steps gives us the result identical to (8.3), except for the replacement of T 1 by T,y .

i (cot}(m/p) — cot?(m/p) :
- ( e ) | (8.15)

N|=

Ml 1= (Tm,n)i

)

Equation (8.16) now gives

Nm,n - (Tm,n)_

1 (cot2(7m/p) - CotZ(Wm/p/))é ' (8.19)

Ve P

Cylinder with non-identical boundary conditions

Let us extend the result to the annulus diagram with the one boundary lying on an (m,n)
77 brane and the other on an (m/,n') ZZ brane. In some sense, this computation is easier
since the worldsheet computation yields a finite answer, and there is no need to resort to
string field theory. This computation has already been done [249, 250], but we reproduce
the result here using a different method.

The Liouville contribution is [143]

m+m/—1 n+n'—1

ZiS iy () = Z Z Xka(t), (8.20)

k=|m—-m/|4+1,2 I=|n—n/|+1,2

where the 2 in the subscript of the summation sign indicates that we sum over every other
value of the indices k£ and [. The normalization constant is given by

> dt iouville atter :
C(m,n),(m’,n’) = exp |:/0 7 Z(Lm’n)(lrln/’n/)(t> Z(l\{{lt)t (t) n(lt>2:| . (821)

Note that the measure for the t-integral is now % as opposed to % because the two sides

of the annulus are distinct. If (m,n) # (m’,n’), this can be written as a product of the
contributions My ; given in (8.13) which telescopes
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m+m/—1 n+n'/—1

Commomay = |1 I M’

k=|m—m/|4+1,2 I=|n—n'|+1,2
r_q 1 <92 7r(l+1) 2 7r(k’+1)
m+m n+n (sm (—) 1n (—Qp’ )

- I 2

- 2/m(l=1) .2 m(k+1)
k=|m—m/|+1,.2 I=|n—n’'|+1,2 (Sm (F5) —sin*(55=)

(siHQ(M ) sin?(200 )> (8.22)

y 2p 2%
(s (52— s 252
(s (257 — s (552 ) (s (21 — sin(25) )
() () () i)

This agrees with the result of [250] for the annulus between two different ZZ branes after
using some trigonometric identities. An important point is that the annulus between two
different ZZ branes is finite and completely well-defined. As we will see, this is the case for
matrix integrals as well.

General multi-instanton contribution to the partition function

We shall now determine the ratio of the contribution to the partition function from ¢ ZZ
branes of type (m,n) to the perturbative contribution to the partition function in the (p’, p)
minimal string theory. The ¢ = 1 case has already been discussed in [23], and our goal will
be to express the result for general / in terms of quantities that already appear in the result
for £ = 1. For this let us express the result for / =1 as

) _ g

—@ = &P [~Tnal Bun —5— (8.23)
where, from (8.17) and (8.19), we have
1
Em n = 2—7TNmn — i7T3/2 C0t2(7rn/p) - C0t2<7'('m/p/> ? ) (824)
’ g(m,n) ' P2 — p?

An important point to recall is that in (8.23) the gomm) /(27) term comes from division by
the volume of the U(1) gauge group and the émn factor comes from integration over the
tachyon, all the massive modes and the out-of-Siegel-gauge mode.

For ¢ instantons, the action is ¢7,,,. Furthermore, the open string spectrum gets re-
peated ¢? times. So the contribution from massive states, tachyon as well as the out-of-
Siegel-gauge mode gets repeated ¢? times. This produces a net factor:

exp [~ Ty (émm)ﬂ . (8.25)
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The slightly non-trivial part of the calculation is division by the volume of the gauge
group. For this we follow the logic of [293]. We denote by 6 the string field theory gauge
transformation parameters and by 6% the U({) gauge transformation parameters on the D-
instanton worldvolume. Then we have the relation [293]

0 = 6 /glmm . (8.26)
Now, using (8.26) we see that division by the gauge group volume generates a factor of

(ggm’n))ﬁ/VU(e) ; (8.27)

where Viy(¢) denotes the volume of the group U({) as measured by the parameters 0°. The
volume V() in this normalization was found in [293]. The result is®

o %(Z2+Z)
-

—2“ 1) (8.28)

where Go(¢ + 1) = Hf;i 1! is the Barnes-G double gamma function. In particular, in the
normalization convention for #% in which (8.26) is valid, the volume of the U(1)¢ diagonal
subgroup of U(¢) is (27)¢. In Section 8.3 we have computed the volume of U(f) using the
same normalization and reproduced the result in (8.28).

Multiplying (8.25) by (8.27) and using (8.28), we get the net normalization factor:

AS e Ga(l+1)

m = exXp [—é Tmm] (Bmm) m y (829)

i\/g (COtQ(m/];)Q__;(ff(ﬂm/p/))% . (8.30)

We shall see in Sections 8.3 and 8.4 that this result agrees with the matrix model result for
(-instantons. For ¢ =1 and (m,n) = (1,1) this agreement was observed in [23].

One can now easily generalize the result to the case where we have /¢, instantons of type
a, where « takes values over different pairs (m,n). The result is:

=

Bm,n = §m,n g(m,n) =27 Nm,n = (Tm,n)_

o

ted 2 2\ta
s :Il{mpP%ﬂM(Bw“figiig} [ Con,  (831)

1
(277-)2([(214_[@) a,B:a< B

o

where B, is as in (8.30) and C, g, given in (8.22), accounts for the contribution from the
exponential of the annulus amplitude with one boundary on the instanton of type « and the
other boundary on the instanton of type 3. The exponent ¢,/g represents the trace over the
Chan-Paton factors on the two boundaries.

3The relation between 6% and % in [293] had an extra factor of 2 compared to (8.26), but this can be
traced to an extra factor of 2 in the definition of the SFT gauge transformation parameters and in fact
cancels against a factor of 2 coming from the out-of-Siegel-gauge mode integral. So as far as the volume of
U(¢) is concerned, there is no difference and we can directly take the result of [293].
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Integer dimensions in the open string spectrum

Our analysis in the following sections will show that the string theory results for the instanton
partition function agree perfectly with the matrix model results. However we shall now argue
that for some class of instantons this agreement is somewhat formal.

For (m,n) type ZZ branes, the spectrum of open strings is built by the action of ghost
oscillators and matter and Liouville Virasoro generators on Liouville x matter primaries x
ghost vacuum ¢;|0) of dimension:

/2 /\2
{2m—2k—1)p+(2n—20-1)p'}* + oy (p—1p)7, (8.32)

hie = —
ke 4pp,

0<k<m-1, 0</<n-—1.

If hge is a negative integer for any k, /¢, then by acting with ghost oscillators and matter
Virasoro generators we shall produce zero modes. This means that in (8.7), the power
series expansion in ¢ will have some constant terms. This in turn will produce logarithmic
divergence in the integration over ¢t. The finiteness of the final result (8.13) shows that the
net coefficient of the logarithmically divergent term vanishes, but in the spirit of string field
theory the correct procedure is to interpret the divergences caused by individual terms as
arising from integration over zero modes and to carry out the integration over these zero
modes carefully. Since our analysis ignores this subtlety, our results remain somewhat formal.
We shall now determine under what condition we get such additional zero modes.
The expression for hy, may be written as

By = — 4;]9/ [(2m — 2k — 2)p + (2 — 200 [(2m — 2k)p + (2n — 20 — 2)p]
= —pip,[ava (b+ 1)p[(a+ L)p+ bp'] (8.33)
= —ab—(a+1)(b+1) —ala+ 1)5 — (b + 1)% . with
a=m—-—-k—1, b=n—/0—-1, 0<a<m-1, 0<b<n-—1.
Since p, p’ are relatively prime, in order that hy, is a negative integer, we must have
P | ala+1), p|bb+1). (8.34)

A simple solution is @ = b = 0 with h;, = —1. This corresponds to the product of the identity
fields from the matter and Liouville sector and the ghost vacuum c¢;]|0). The zero modes
produced from this sector correspond to ghost zero modes associated with the breakdown of
the Siegel gauge. These have already been taken into account in our analysis. But there are
other solutions. Here are some examples:

p=2 p=15 a=0, b=25,
V=6, p=55 a=2 b=10, (8.35)
p=6, p=35 a=2 b=14.
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For such pairs (p/, p), the string theory results remain formal for (m,n) type ZZ instantons
withm >a+1,n>b+1.

8.3 One-matrix integrals

The one-matrix integral (in the double-scaling limit) is dual to the (2,p) family of minimal
string theories, where p > 3 is an odd integer. The computation of the normalization
constant for the case of ¢ identical instantons in the one-matrix integral was done in [283]
using a degeneration limit of the two-cut solution to the matrix integral. We will present a
simpler approach that is similar to [254, 282]. We follow the conventions of [294, 282] and
we refer to them for more details, whose notations we also use.

The quantity of interest is the integral over N x N Hermitian matrices M:

1 N
Z(N,t) = / dM exp {——TrV(M)} (8.36)
Vo t
N N N
1 dz; N
_ M/H 2T - w) e [—7§ V)| . (8.37)
=1 ij=1:i<j i—1

As usual, the large-N limit is taken keeping the 't Hooft coupling ¢ fixed.* The measure
dM is defined as the volume measure that is induced by the metric ds* = Tr(dM?) on the
space of Hermitian matrices. We diagonalize M = Udiag(x;)U' and change variables to
the eigenvalues x; and U. Here Vi) denotes the volume of the U(N) group, with a local
measure that is induced on the space of U’s by the above change of variables. The factor
(N1 (27)¥)~! on the right hand side denotes the volume of U(1)" x Sy which corresponds
to rotating the phase of each column of U and the permutations of the eigenvalues. This
subgroup is left “unfixed” when we change variables from M to the x;’s and U. Also note that
even though we have chosen a convenient normalization of Z (N, t) in (8.36), this choice will
not affect our final result since we shall be computing the ratio of two different contributions

to Z(N,t).
The large-N limit

We consider the aforementioned integrals over an N x N hermitian matrix M. We take the
potential to be an even polynomial, for simplicity. The planar free energy Fy is defined as

) 1
Fo(t) :== lim mﬁ log Z(N.,t) . (8.38)

N—oo

4Hopefully, there is no confusion between using the same letter ¢ for the 't Hooft coupling in the matrix
integral and the open string modulus in string theory.
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We work with the one-cut solution in which the resolvent takes the form
.1 1 o)
wo(x) _]\}L)H;ON <Trx—M>_/_bdyx—y7 (8.39)
The support of the eigenvalue density p(y) is on the interval [—b, b]. One can show that [282]
2two(z) =V'(x) — M(z)Va? —b?, (8.40)

where, if V' (z) is a polynomial of degree d + 1, then M (z) is a polynomial of degree d — 1. It
will be understood that v/z? — b? ~ x for large |z| on the physical sheet. Both M (z) and b
can be determined using the fact that wo(z) = 1/2+ O(2") as & — oo on the physical sheet;
they depend on t. An important relation that will be useful for us is [294]

0 1

a(two(x)) BN

The holomorphic effective potential is defined via [282]

(8.41)

Via(w) = V(x) — 2t /_ Ay ply) logly — ) = V(w) =2 /_ A de’ wo(a') — 2tlog A, (8.42)

where the limit A — oo is understood in the last expression. Since we shall define the
double-scaling limit by zooming in near the region  ~ —b, we have defined V.g(z) such that
it is real on the negative z-axis. A consequence of the large- N saddle point equation is that
the real part of the effective potential is constant on the interval [—b,b]. Using (8.41) we get
the derivative of the derivative of the effective potential with respect to ¢:

—x—\/W) .

O Ver(x) = —2 (8.43)

—210gA:—210g( 5

dz’ !
v
It follows from (8.39) that the imaginary part of wy in the interval [—b,b] is given by
wp(x). On the other hand we see from (8.40) that the imaginary part of 2tw, in the same
interval is given by M (z)v/b? — 22. This gives
1
p(x) = ﬂM(x)\/b2 —220(b—|z|). (8.44)
T
From (8.42) and (8.40) we also have
ne(x) = V(x) = 2two(z) = M (2)Va? — b2 (8.45)

Next, we collect the following results for the planar free energy and its t-derivatives [282,
295]

Fit) =~ /_ e p(a)V (x) - Vea(=b), (3.46)
OuFo(t) = —Vag(—b) (8.47)
OFFy(t) = 2 logé : (8.48)
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To derive (8 46), we need to use the fact that the real part of Vig is constant on the cut,
and so V(x) — 2t [ dy p(y)log |z — y| = Veg(—b) for x € [—b,b]. Using this to simplify the
Coulomb-repulsion term in the on-shell actlon for the defining integral (8.37), we get

1 I
2 Folt) = — t/ dzp(z //dxdyp (y)log |z — y|
—b

_ 1 dxp( Wi(x) — Véff( b),

2t

(8.49)

2t

as desired. To derive (8.47), we use the relation 0, log Z = 1;[—22 f_bb dz p(x)V (z) which follows
directly by taking a t-derivative in the definition (8.37). Using the large-N approximation
log Z = N?Fy/t* and (8.46), we get (8.47). To derive (8.48), we take a t-derivative in (8.47)
and use (8.43), together with the fact that Vz(—b) = 0 so that 0;b does not contribute.

We also need the connected correlator of two resolvent operators [296, 297] (see, for
example, [245], for a recent exposition)

1 1 1 T2y — b?
02(%1, 22) < r:m—M rl‘z—M>C 2(v1 — x2)? (\/%_52\/95 5— b7

(8.50)

We integrate this twice to get the connected correlator that we need

Ap2(x1,x9) := (Trlog(xy — M) Trlog(zy — M)) (8.51)

c -

We first integrate over xo and get

/IQd’R (21, 20) ! ! oy, ] (8.52)
x T, Th) = — : :
L pemTh 2wy —x1) 2wy — 1) \| 2] — b 2y/x3 — b?

2

At large z, this expression behaves as x]
it. The final answer is

so we should not have any problems integrating

1
ong(l'l, IL‘Q) = —5 IOg (853)

(@1 /o~ B)(ra + /2 P

Eventually, we will need the following combination, which we get using (8.43), (8.48) and
(8.53)

2(z179 — b? + /27 — b2/} — b2)]

2
b
2 —
exp (0 Fo + 0, Ver(x1) + O Ven(w2) + 440 (1, 72)) = <xm Y EN ey b2> :

(8.54)
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A more geometrical perspective

We will now recast some of the above formulas in terms of a more formal perspective, using
the language of algebraic curves. This will help us in understanding the generalization to
the two-matrix case. We follow the notations of [298].

The starting point is to define a function Y (x) via

Y(z) = V'(z) - 2 <Tr ! > | (8.55)

Using (8.42), we note that Y (x) = V/z(x). We can use a Schwinger-Dyson equation in the
defining matrix integral to show that Y (z) satisfies a polynomial equation

Y(2)? =V'(z)* — 4tP(z), where (8.56)
P(z) = % <Tr (V/(x; — ]\V4,<M))> . (8.57)

Let us define the spectral curve X as
Y= {(u,v) € C*|v* — V'(u)? + 4tP(u) = 0} . (8.58)

We can restate the Schwinger-Dyson equation as the statement that the point (z, Y (z)) lies
on X, with Y (z) defined in (8.55).

If V(z) is a polynomial of degree d + 1, then P(z) is a polynomial of degree d — 1, which
makes the right hand side of (8.56) a polynomial of degree 2d. Note, in particular that if
V(z) = 2%/2, then P(z) = 1. If we do not insist on using an even polynomial, then we can
take d = p — 1 in order to describe the (2, p) minimal string. The “one-cut assumption” can
be rephrased as the condition that d — 1 of the roots of the polynomial V'(z)? — 4¢P (z) have
multiplicity two, so that V'(z)?* — 4tP(x) = M(x)*(z — a)(x — b). The roots of M(x), which
are d — 1 in number, are precisely the locations of the one-eigenvalue instantons.® Note also
that, in the immediate neighborhood of a one-eigenvalue instanton, the equation defining
the spectral curve looks like y* — ¢ (z — x,)* = 0 (for some constant c), clearly exhibiting the
“double-point” singularity [264].

If all the roots of V'(x)? — 4tP(x) were distinct, the spectral curve ¥ would have genus
d—1, and we would have an eigenvalue density supported on d distinct arcs in the complex-x
plane. In the one-cut solution, d — 1 of these arcs have length zero, giving us d — 1 distinct
one-eigenvalue instantons, as also argued in the previous paragraph.

Let us now specialize to the one-cut case. The curve defined by (8.56) admits a uni-
formization parameter z with the projection to the x-coordinate given by

a-+b

1 _b—a
T = 5 +7(z—|—z ), v = 1

®Not all of these one-eigenvalue instantons survive in the double-scaling limit. To get the conformal
background of (2, p) minimal string theory, we can take a polynomial of degree d + 1 = p, or we could also

take an even polynomial of degree d + 1 = p + 1. In either case, only (p — 1)/2 of the d — 1 one-eigenvalue
instantons will survive in the double-scaling limit.

(8.59)
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The special property of the above map is that the cut end-points * = a and x = b get
mapped to z = —1 and z = 1. These are also the points where dz/dz = 0. We need two
copies or sheets of the x-plane to cover the z-plane, the “physical sheet” is the one whose
z-image contains z = 0o, the second sheet is the one whose z-image contains z = 0. The
boundary dividing the z-image of these two sheets is the unit circle in the complex-z plane.

Further specializing to an even potential, so that b = —a > 0 and b = 2+, we see that,
on the physical sheet we have

r=v(z+27"), 2?2 —4y?=v(z—27"). (8.60)

Thus, we see that many of the formulas in the previous section would be somewhat simpler
when written in terms of z. For instance, we can rewrite (8.43), (8.53) and (8.54) as

O Vet = —2log(—~2), (8.61)
App(r1,22) = —log T g 2 , (8.62)
Yz1 — Y22 2129 — 1
2
2R g g 4A e .
exXp (0t 0 —+ 8th(:1:1) + atfo(QIQ) -+ 0}2(%1, 5172)) (7(2122 — 1)2 (8 63)

Gaussian matrix integral

The Gaussian matrix integral corresponds to the potential V(z) = %, and it is given by

294]

L 9

1  da; 9 N x; Gao(l+1 £\
Za(l) == E/H 5 A(x)” exp (—?25> = (Q(Tg/z) <N) . (8.64)

1=

Here G5 denotes the Barnes-G double gamma function. This equation is exact, and, in
particular, is true even if £ is of order N. This can be derived using the fact that Hermite
polynomials are orthogonal with respect to the Gaussian measure [294]. We note that the
asymptotic expansion of Zg(N) reads [294]

1
log Zo(N) = N? (§logt - Z) + O(log N). (8.65)

We identify the first term as N?F, (t)/t*. In particular, note that terms of order N log N
or N are absent. This will no longer be the case in the two-matrix integral. The above
expression implies the following result that we need for our calculations

Zg(N —(,t—t¢/N) N?

1
log ZG<N, t) = t_2 (Foyg(t - f}g/N) - F(),G(t)) + @) <N) . (866)

We can use the result (8.64) and the equality between the two integrals (8.36) and (8.37)
to check the expression (8.28) for the volume of the group U(¢). The gaussian integral over
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the matrix in (8.36) can be done in a trivial fashion by doing £* separate gaussian integrals
over the individual matrix elements of M. The upshot is that

1 2mt\ "
Za(l) = — : 8.67
o0 =7 (5) (867
Equating the right hand side of this equation to (8.64), we get
(27)%(52%)
Voy = ———. 8.68
YO TG0+ 1) (8.68)

Matrix integral dual to (2,p) minimal string theory

Next we consider a more general class of matrix integrals where the potential is an even
polynomial, with degree p + 1,

_x_ 92k:+2 p2kt2
=5 + 2k+2 . (8.69)

We focus on the case where the perturbative contribution to the free energy comes from the
so-called one-cut saddle point. The one-cut saddle point is the one where the eigenvalues of
the matrix are distributed on a single interval [—b,b]. The cut end-point b depends on t and
on all the coefficients gor1 o appearing in the potential.

It is expected that log Z(N,t) has an asymptotic expansion in powers of N2 [295, 299,
244]:

log Z(N,t) = > <¥> i gFg(t). (8.70)

g9=0

This is almost correct. However, a more precise statement is that, in order to get this
asymptotic series, one needs to divide by the Gaussian matrix integral (the matrix integral
with all the coefficients gox12 set to zero), see the rigorous mathematical treatment in [300].

log% =2 (g) - (Fy(t) — F,a(t)) . (8.71)

g—
The subtlety has to do with the fact that the log Zs contains terms proportional to log N
(see equation (8.65)), and every matrix integral contains these same terms. An intuitive
reason for this is that if we compute the integral via perturbation theory in the couplings
Gok+2, We get the Gaussian matrix integral as an overall factor [295].

More rigorously, consider a general potential V(M) of the form given in (8.69). Here
Fy(t) differs from the result for quadratic potential, but the logarithmic terms remain un-
changed. One way to see this is as follows. Introducing the function r(§) satisfying the
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“string equation” [299, 294, 244]

t&=r() + Z 92k+2 a1

k=1

) r(&)Ft (8.72)

the planar part of the free energy can be written as

Folt) = /0 ae (1~ €)log (). (8.73)

This integral is obtained as a continuum approximation to a discrete sum [299, 294, 244],
with errors potentially given by the Euler-Maclaurin formula. Note that r(§) ~ t£ as £ — 0.
The relation r(¢) = t£ would be exact for the Gaussian matrix integral. The integrand
in (8.73) thus behaves as log¢ near the lower limit & = 0. It is for this reason that the
combination

Folt) = Foo(t) = £2 /0 de (1 6) 1og%) (8.74)

Z(N,t)

is better behaved and log 7o (N 1)

[299, 294, 300].

We intend to go beyond the perturbative expansion (8.70) and include effects from one-
eigenvalue instantons [246, 248]. A single eigenvalue in the matrix integral (8.37) at position
x; feels an effective potential

has a good asymptotic expansion without logarithmic terms

2t
Vie) -5 > log |z — . (8.75)

JigF#

In the large-N limit, it is useful to introduce a holomorphic effective potential defined as
[282]

b

Vgl 1) o= V(x) — 2t / Ay () lox(y — ), (3.76)

where p(y) is the eigenvalue density normalized according to f_bb dy p(y) = 1. The actual
potential felt by an eigenvalue is the real part of the holomorphic effective potential. For a
review of some basic properties of the effective potential and more features of the large- N

one-cut saddle point. Here, we just mention the following important relations [294], reviewed
in (8.44), (8.45),

e/ff(x) = M($) \ 1'2 - b2 ) (877)
p(2) = —— M()WPE =22 O(b— |a]) (8.78)

- 27t
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where O(z) is the Heaviside step function and M (x) is a polynomial determined from the
potential by the requirement that the resolvent wy(z) = 5 (V'(x) — M (x)v/x? — b?) behaves
as 1/x as © — oo on the physical x-sheet.

The one-eigenvalue instantons correspond to the extrema of Veg(z) with = being outside
the interval [—b,b]. Once we have identified these extrema {z,}, we can define a general
(-instanton partition function Z{}(N,t) as follows. Let {/,} be a finite sequence of non-
negative integers (all being O(N?), not all zero) satisfying Y, ¢y = ¢. Then Z=}(N,¢)
is defined as the contribution to the integral (8.37) where a number ¢, of eigenvalues are
integrated along the steepest descent contour of the particular extremum z,, and (N—/) of the
eigenvalues are integrated along the interval [—b, b] corresponding to the perturbative regime.
The quantity Z© denotes the contribution to the matrix integral where the integration range
of each eigenvalue extends over the perturbatively allowed region [—b,b]. Once we have
chosen a particular integration contour for the x;’s in (8.37), we can express this contour as
a weighted sum of the steepest descent contours. Accordingly, the partition function is given
by a weighted sum of the Z{la}’s,

Unlike [257, 23, 245], in this chapter we will not be careful about the defining contour for
the eigenvalues for the full partition function, and what linear combination of the steepest
descent contours is homologous to the defining contour. In particular, the question of the
existence of the double-scaling limit, at finite values of the double-scaled coupling constant,
is beyond the scope of this work. Hence, we will simply compute Z{’} by integrating the
eigenvalues along the full steepest descent contours.

Identical instantons

We will consider the most general instanton configuration in the next subsection, but for now
we consider ¢ identical instantons. To be more precise, we integrate ¢ eigenvalues along the
steepest descent contour corresponding to the (gxtremum x* of the one-eigenvalue effective
?mi%’ii-

The definition of Veg(z,t) given in (8.76) was in the strict large-N limit. Since we want
to compute the answer including the one-loop correction, we need to carefully keep track of
1/N corrections. For this we need to take into account the fact that the original cut now
only contains N — ¢ eigenvalues. Since the overall coefficient in front of the potential remains
N/t, if we want to interpret the second term in (8.76) as an expectation value in the matrix
model, this integral over N — ¢ eigenvalues must be evaluated at a shifted value of the 't
Hooft coupling, namely ¢’ = ¢ — t¢//N. This is so that N/t can be rewritten as (N — ¢)/t'.

An important remark is that we need to properly treat the Vandermonde repulsion be-
tween the ¢ eigenvalues. If £ > 1 and we naively substitute x* for each of the ¢ eigenvalues,
the result will vanish. This means that there is an ¢ x ¢ Gaussian matrix integral that we
need to compute exactly.

Separating out ¢ eigenvalues to be placed near x* in the integral (8.37), we get the

potential, and we want to compute the ratio
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N—¢ N—¢ N—¢
Z(g)(N, t) = % <JZ) /co 11 if; 1 (x; — a:])2 exp [—g 2 V(z;)
Noode ) N N
X /cl igﬂ 5 ”_1;[“1 (z; — x;)” exp [— " iNZ_eH Ve (i, t —tl/N) (8.79)

N N
—|—2 Z Z A0’2($2,$],t—t€/N)+:|

i=N—l+1j=N—{+1

where

Via(w, t — t/N)) = V() — % <Zln(x _ a:j)> , (8.80)

N—{N—{

Ago(z, 2!t —tl/N) :ZZ (In(z — z;) In(z’ — ), . (8.81)

=1 j=1

We used the fact that (eX) = eX)H3 (X% et Here € is the perturbatively allowed range for
the eigenvalues and C; is the steepest descent contour of the effective potential around the
non-perturbative saddle point. In the large-N limit with ¢ fixed, the quantities Vog and Ao
are of order unity with corrections of order 1/N2. The quantity A denotes the connected
two-point function of the Vandermonde potential exerted by the N — ¢ eigenvalues. It
contributes at the same order as the one-loop Gaussian integral around the non-perturbative
saddle point.

Recall that z* denote the location of an extremum of Vig(z,t) and let us denote the
derivative with respect to x with a prime.® We now approximate the term Vig(x;, ¢t — £t/N)
appearing in (8.79) as follows

Veg(zs,t — t/N) = Veg(z*, t) + ; () (2 — ) — %@ Vesr(2*, 1) . (8.82)

Since we are interested in the answer up to one-loop order, we need to keep the last term
[282]. We also replaced z; with z* in this last term, since we will be evaluating the z; integral

by saddle point. As far as the term Ago(z,2’,t — t¢/N) is concerned, we can replace it with
AO Q(ZE*, l‘*, t)

6The quantity 2* depends on t and so the shift in the argument ¢ — ¢ — £¢/N causes a shift of order 1/N
in the value of z*. However the effect of this is suppressed by inverse powers of 1/N compared to the terms
we keep. Hence we shall ignore this effect.
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Using these ingredients, we get

ZO(Nt) = ZO(N —0,t —tl/N) exp {—g@ Veg(z*,t) + 020, Vog(x*, 1) + 202 Ag (2%, 2%, t)}

1 N dx; N N N 1
X ﬁ / H 27: H (xl - x]')Q €xp _7 e/;f(x*, t) Z §($Z — $*>2] .
JC i=N—0+1 z’j:izﬁul i=N—0+1

(8.83)

We now recognize the second line as a Gaussian matrix integral over ¢ x ¢ matrices, so we
can use (8.64). Writing Z(O(N — ¢, t —t{/N) ~ exp (]X—;Fg(t - tﬁ/N)) and Taylor expanding
Fy(t — t¢/N) to second order we get”

ZO(N,t) N 2 Go(f+1)

) _ .y 4 &4
ZOND P [ t A] 5 et (884)
where we have defined

A= Vig(a*, 1) + 0, Fo(t) (8.85)
1., X L. ot \?
B .= exp 5@ F()(t) + at‘/eff(l' ,t) + 214072(.1' , L ,t) W y (886)

and Go(£ + 1) = [,_,#*"" is the Barnes-G double gamma function. The quantity N.A/t is
interpreted as the tension of a single instanton. The exponential expression appearing in the
quantity B turns out to have a simple formula in terms of the perturbative one-cut saddle
point, see (8.54). As described in (8.47), the quantity 0,Fy(t) is equal to minus the real part
of the effective potential on the cut. This implies that

A= /—j de Vig(z). (8.87)

We shall see that the quantities N4/t and B stay finite in the double-scaling limit.

General multi-instanton configuration

Suppose we integrate ¢; of the eigenvalues along the steepest descent contour of the extremum
x7 (of the one-eigenvalue effective potential), ¢, of the eigenvalues along the steepest descent
contour of the extremum =7, and so on. Let £ =)/, denote the total number of eigenvalues

7 As discussed below (8.71), log Z(®)(N, t) has logarithmic terms that invalidate the expansion in power
series in N~2. However these logarithmic terms are the same as those that appear in the gaussian ma-
trix integral Zg(N,t). We show in (8.66) that the effect of the logarithmic terms drops out in the ratio
Za(N—€,t—tl/N) ZO(N—t,t—tt/N)

Zo(N ) , and hence it also drops out in the ratio ZO (N D)
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that have been pulled out of the original cut, which now contains N — ¢ eigenvalues. First
of all, we get a factor like the one on the right hand side of (8.84) for each «. Besides this,
we get four new types of contributions involving each pair («, ) for a # f:

e The term % 97 F now contains terms proportional to £,¢z 0 Fy.

e There will be a contribution proportional to ¢,¢3 Aog(xg,xg,t) with Ago given by
the connected correlator (8.81) of the Vandermonde potential exerted by the N — ¢
eigenvalues in the cut [—b, b].

e For cach z, the last term of (8.82) is still proportional to ¢. Therefore, in (8.83) it
generates a term proportional to £, 0;Ves(77,t). After writing £ = ), (s this leads
to terms of the form (.03 0, Veg(x}, t).

e There are an £,{ number of factors of (z}, — x5)* in the Vandermonde determinant.

Keeping these four things in mind and repeating the steps in the previous subsection, we get

g {la} N,t 22 Go(ly, +1 tats
AT )((N t)) =P [__Zf A ] H{ o) %} [ Cap)™ . (888

a<f
where
Ay 1= Vi t) + O Fp(t) = / " de Vig(a), (8.80)
b
By = oxp | ~O2Fo(t) + O Vi t) + 240 0(at, o 8) | [~ : (8.90)
a T p 2 + 10 t Veff o) 0,2 a)far N‘/e/é(wg) 9 .

Cap = (z}, — x5)? exp [0 Fo(t) + O Ve (2. 1) + O Ve (2, t) + 4A0 (2, x5,8)] . (8.91)

The quantities A, and B, are the same as in (8.85) and (8.86) with z* replaced by z%, but
we have reproduced them here for completeness.

The quantities B, and C, g turn out to have a simple formula in terms of the perturbative
one-cut saddle point, even outside of the double-scaling limit [254, 282]. Using (8.54) we get,

b 2rt 2
B = Sy =) <szf'f<xz>> ’ (8.92)

(8.93)

b
Cap = (x5, — 75)°
rhay — b + V(T5)? — b2, [(z5)? — b?
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The double-scaling limit

The double-scaling limit refers to a procedure where we tune the parameters of the potential
and simultaneously zoom in near an edge of the eigenvalue spectrum, say the left one,
such that the Feynman diagrams dominating the partition sum resemble continuum surfaces
[244]. We define the energy variable F via © = —b + ¢F, and also introduce the variable
z via E = —2z%. The double-scaling limit is taken by sending £ to zero and N to infinity
keeping the combination ®

e .= Ne3t (8.94)

fixed. At the same time, we tune the coefficients of the polynomial potential V' in a suitably
analytic fashion such that Np(z)dz approaches €% dE times a finite function of £ in this
limit. This function of E is supported on the entire positive real axis. There is some freedom
in this process. We want to focus on the so-called “conformal background” [263] of minimal
string theory, where only the cosmological constant operator is turned on. In this case the
density of states p(FE) takes the form:®

p(E) =5t % sinh (p arcsinh \/E> +0 <5§+2> . (8.95)

In this limit, e~ becomes the genus expansion parameter and the perturbative contribution
to the partition function has an expansion in even powers of e~*. The precise relation
between % and the string coupling g, may be found by comparing the matrix model
results with the string theory results. From now on, we shall use E instead of x as the
argument of Veg and p, and by an abuse of notation, we will denote derivatives with respect
to E also by a prime.

From (8.77) and (8.78) we see that the analytic continuation of 27itp(F) from the interval
[—b,b] on the real line to the complex plane gives V/3(E). Using the form of p(F) given in
(8.95) we get the effective potential

p 1 1
Veg(E) = —tez ™! {m sin ((p + 2) arcsin —E) - 5 sin ((p — 2) arcsin —E>] :

(8.96)
We have chosen the additive constant in the potential such that V.g vanishes at £ = 0. Note

that Veg(E) introduced here differs from that of [23] by an overall normalization factor. See
figure 8.1 for a plot of Vig(E) for the case p = 7.

8In the z coordinate introduced in (8.60), the double-scaling limit is defined by zooming in near x = —2v
or z = —1. Using the relation = —2y + (2 + 1)? +... in the neighborhood of z = —1, and © = —2y +¢E,
we see that in this limit z ~ —1 4+ \/—cE/~.

9See, for example, [245] for a recent discussion on this and [258] for explicit potentials that lead to the
above density of states in the double-scaling limit. Compared to the conventions of [23], we have set the
constant x appearing there to be k = 1/2.
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Figure 8.1: A plot of Vog(E)e~'~% in equation (8.96) for the case p = 7. We have set t = 1.
In general there are - ;1 extrema in the forbidden region, given by (8.97). These extrema are
in a one-to-one correspondence with the (1,n) ZZ branes in the (2, p) minimal string theory.

The extremum closest to E = 0 is always a maximum and corresponds to the simplest (1,1)
27 brane.

Since the zeros of V;(E) on the negative real axis give the locations of the instanton, we
conclude that the instantons are located at

2
" . nm p—1

E =— — ,...,—¢. 8.97
" (smp),ne{, ,2} (8.97)

The index n is the same as the one that appears in the label (1,n) for the ZZ branes in the
(2, p) minimal string (see more on this below). From (8.97) and (8.96) we conclude that

p 1 2psin(2
Vi(B3) = (—1)+1 ¢ bt 225020/ )

o (8.98)

p 2p
"(EX) = (=1)"teatt —— | 8.99
eff( n) ( ) €2 sin(27m/p) ( )

It follows from (8.88), (8.89) and the relation V.g(0) = 0, that the tension T, of the a-th
77 brane is given by,

N N 2p sin(2
Ty= Ay = —Veg(EX) = (—1)" 5 Zpsin(2mn/p) for o = (1,n). (8.100)
t t p?—4
Since the right hand side does not involve N or ¢, this has finite double-scaling limit. In
order to compare this with the string theory result, we need to find the explicit relation
between e and g, via perturbative computation. We shall not attempt to do this here.
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Instead we shall follow [23] and express our result for the other quantities in terms of the
tension of the instanton given in (8.100).

Next, we need to work out the quantities B, and C, g in the double-scaling limit. The
expression for B, before taking this limit is given in (8.92). In the double-scaling limit,
the first factor in (8.92) equals ——. This ¢ in the denominator combines with the 92Vg
appearing in (8.92) to convert the 92 into an 9%. Thus, the combination E%W equals

t

W. This giveS
1 27t : 1 (=1)" 7 sin(2wn/p)\ /?
B, = < - ) = — ( S ) for a = (1,n).
—4Ex \ NVZ(E¥) 4sin”(nm/p) eSop
(8.101)

There are no subtleties in taking the double-scaling limit for C, g, since the expression given
in (8.93) remains finite in this limit. The final result takes the form:

2 ’ 2
v/ —Ex— /-E} sin 2% — sin & ¢
Cap = = g = Canam = | — S . (8.102)
V—Es+/—E} sin ®% 4 sin =7
@ p P
To compare these with the string theory results, we note that (8.88) has the same struc-

ture as (8.31) with B, replaced by B, and C, s replaced by C,s. Therefore we need to
compare B, with B, and C, s with C, g. First, we see from (8.22) with p’' =2, m=m' =1

that,
cos? <_7r(n2';”/)) Sjn2 (W\g;"'|>
Camanm) = o (alnn[\ 2 (a(ntn)) Clam), (1m1)- (8.103)
cos (T) sin (T)
Next, using (8.100), we can express (8.101) as
_1 . [mwcot(mn
Bin=(Tin) 2 i 5(2—/“ (8.104)
Vpr—4
On the other hand, from (8.30) with p’ =2, m = 1, we get
1
_1 . [7 [cot}(mn/p) 2
By, =(T\,) 2 — | —— . 1
1o = (Tin) 21 2(p2_4 (8.105)

Therefore, we see that there is perfect agreement between the result in (2, p) minimal string
theory and the double-scaled one-matrix model.

We remind the reader that the result presented here for BT? is twice that quoted in our
previous work [23], which only dealt with the case n = 1. This is because we are integrating
over the full steepest descent contour of the saddle point, and we are not worrying about what
linear combination of the steepest descent contours is homologous to the defining contour.

Let us remark that we can perform a consistency check of (8.100) by comparing the
dependence on n to that obtained from the string theory computation. In string theory, the
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tension of the ZZ branes can be obtained, up to an overall proportionality constant, using the
formulas for the boundary state wavefunction U, ,,(P) [143]. Indeed, the entire dependence
on n is given by a multiplicative factor sinh(27nbP) (see equation (5.15) of [143]). Here P
represents the Liouville momentum, which labels the exponential Liouville operators e?*%
with a = (b+b7")/2+1P. Therefore we set P to —i(b—b"1)/2 in order to get the one-point
function of the cosmological constant operator e**? [259, 250]. Since (?*?) = 9, Zgis and
Zaisk 1s proportional to the tension of the ZZ brane, we see that T, o sinh(27nbP) with
P = —i(b—0b"")/2. Using the fact that b = \/2/p, we get T1,, o (—1)"'sin(27n/p). This

reproduces the n-dependence of the matrix integral formula (8.100).

8.4 Two-matrix integrals

The general (p/, p) minimal string theory is dual to a matrix integral over two matrices [272,
273]. Denoting the matrices by M; and M,, the action is % Tr(Vi(My) + Va(Msy) — My M,).
Here M; and M, are Hermitian matrices, both of size N x N. Using the Harishchandra-
Itzykson-Zuber formula [301, 302, 303], it is possible to reduce this integral, up to an overall
constant, to the following integral over the eigenvalues

N

N.t) == /de’dy’ Afy) exp [—gzm(wi)ﬂfz(yo —:ciyi)] . (8.106)

i=1

Here, the z; are the eigenvalues of M; and y; are the eigenvalues of M,. Note that there is
only one power of the Vandermonde determinant for each set of eigenvalues.
The two-matrix Gaussian integral is given by [304]

Z / H dxzdyz A(y) e N i ari oW (8.107)
= xp | —— — = — 31y :
G2 7 Y p ; 2 5 5 3TiY;

t %(42—1—5) 12 La2op)
=Gyl +1) (N) (crey —c2) 728 ¢ : (8.108)

The lemma in the appendix of [304] allows us to reduce this integral to the one-matrix
Gaussian integral. Alternatively, one can derive it using two-matrix orthogonal polynomial
technology; the orthogonal polynomials are still the Hermite polynomials. Again, this ex-
pression is exact and can be used for ¢ of order N. The asymptotic expansion of Zgo(N)
reads

1 1 —c 3 1 1 27t
log Zg2(N) = N? (§1ogt— §logm — —) — =Nlog N + §N logi + O(log N) .
C3

C3 4 2
(8.109)
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We identify the first term on the right hand side as N2 Fj ¢(t)/t*. Note the presence of terms
of order Nlog N and N. Using the above expression we see that

log

ZG?“EGQ*(@];)WN) N Roalt — te/N) - Fo,G(t))—glog@"‘O(l)'

Comparing this to (8.66), we see the presence of an extra logarithmic term [256], which will
be important in our analysis.

Now let us consider more general class of matrix integrals obtained by varying. While
doing this, we choose to keep the coefficients of the quadratic terms fixed. For much the
same reasons as discussed in Section 8.3, we obtain a nice asymptotic expansion in powers
of 1/N? after dividing by the Gaussian matrix integral

log % _ ; N225(F,(t) — F, (1)) (8.111)

We are interested in corrections to log Z that are of order e™". A single instanton would
correspond to placing one pair (z;,y;) at an extremum of the effective potential that this
pair feels. Explicitly, from (8.106), this effective potential is

Ve (s, y3) == Vi) — — Z log(x )+ Valy:) — — Z log(y; — y;) — xiyi . (8.112)
JJ#Z JJ#Z

Reference [256] obtained the normalization constant for a single instanton in the two-
matrix integral. We shall now generalize this to the case of multiple instantons, possibly
of different types. Our results at the intermediate stages will differ from that of [256] since
we express our results in terms of correlation functions in the theory with N eigenvalues
while [256] expresses the results in terms of correlation functions in the theory with (N — 1)
eigenvalues [282].

The large-N limit
Recall that, we have defined the two-matrix integral via

N

N,t): Nv/deldyl A(y) exp [_¥Z(%(wi)+%(yi)—$iyi)] . (8.113)

=1

Up to an overall normalization, this integral is proportional to

Z(N,t) x /dMldM2 exp {—%Tr (Vi(My) + Vo (M) — Mle)} : (8.114)
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via the Harishchandra-Itzykson-Zuber formula [301, 302, 303]. In order to get to the (p/, p)
minimal string, we can take V; to be a polynomial of degree p and V5 to be a polynomial of
degree p’ [273]. To get back the one-matrix case, one can set p’ = 2 and integrate out the
matrix M.

We define two functions Y (x) and X (y) as follows [305]

Y(2) = V() - % <Tr - _1M1> , (8.115)
X(y) = Vi(y) - % <Tr - _1M2> | (8.116)

Note that in terms of V} (g(z) and Vs en(y) defined in (8.124) and (8.125), we have
View() =Y (2),  Vigly) = X(y). (8.117)

We have suppressed the dependence on ¢, with the understanding that both sides will have
the same dependence on t. Let us define the spectral curve X via

¥ = {(u,v) € C*| (V{(u) —v)(V4(v) —u) — P(u,v) +t =0}, where (8.118)
P(u,v) = t <Tr <V1(U) — VI(My) V3(v) — Vz(M2))> ‘ (8.119)

N u— M, v — Mo

It can be shown, via Schwinger-Dyson equations, that both the points (z, Y (z)) and (X (y), y)
lie on the spectral curve ¥ [305]. Generically, we can use either z or y as the local coordinate
on Y. The projection to x ceases to be a good coordinate when dY (z)/dz = co. Typically,
this will happen when Y (x) has a square root behavior near some x. A similar remark holds
for projection to .

Like in the one-matrix case, we work with the case when 3 has genus zero (apart from
the singular points to be discussed below). Denoting the uniformization parameter by z €
C U {00}, we can coordinatize 3 as [305, 306]

(X(2),Y(2)) € &, (8.120)
X2)=vz+ Y apz®, YV(E)=~y2"+ Z By 2~ (8.121)
k=0 k=0

This means that for given x, we can find a z such that x = X(2), Y(x) = Y(z), and for
given y, we can find a 2’ such that X(y) = X(Z), y = V(7). The map X : z — z is,
generically, a p’-to-1 map except at p’ values of z where dX'(z)/dz = 0. This means that we
need p’ number of z-sheets to cover the z-plane, or, equivalently, to cover ¥. The “physical”
z-sheet contains the point z = oo, near which the resolvent + (Tr x_lMl> behaves as 1. The
boundary of the physical z-sheet on ¥ is where the eigenvalues of M; are distributed. Of
course, analogous comments apply to the map Y(z) : z — y, with p’ replaced by p. The
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important distinction is that the physical y-sheet contains the point z = 0, near which the
resolvent +(Tr —-—) behaves as .
y—M> y
If y =Y (z), then (z,y) € X. On the other hand, (X (y),y) is also on 3. However it does
not follow from this that = X (y), since in general (x,y) and (X(y),y) belong to different
Riemann sheets. Exceptions are the “one-eigenvalue instantons” since it follows from (8.129)
and (8.117) that they are located at the points (z*, y*) satisfying

=Xy, v =Y("). (8.122)

It then follows that if X(z*) = a*, then Y(z*) = Y (2*) = y*. These represent ZZ branes
in minimal string theory after taking the double-scaling limit [264]. However, in the neigh-
borhood of (z*, y*) the points (z,Y (z)) and (X (y),y) belong to different branches and there
will exist two distinct values of z, call them z*) and 2*®, such that

(2%, y*) = (X (z*W), Y(z*M)) = (X(z*@), Y(z*?)) . (8.123)
In the neighborhood of these points the equation defining > looks like Oz(x—x*)Q—B(y—y*)Q =

0 and the surface is singular.'?

Identical instantons

In this section, we shall analyze the contribution due to ¢ instantons of the same type. The
main idea is similar to that in Section 8.3. We pull out ¢ pairs (x;,y;) and place them at one
particular extremum of Vg(x;,y;). Let us denote this extremum by (z*, y*).

We define the following quantities

N—¢
Viea(e, £ — t0/N)) = Vi () — % <Z In(z — xj)> , (8.124)

N—¢
Vaer(y,t — t/N)) = Va(y) — % <Z In(y — yj)> : (8.125)

10As a simple example, consider the “figure-8” curve defined by z* = 22 — 32, embedded in R? and
parametrized as (z,y) = (sint,sintcost). The point (0,0) is a double point, and corresponds to both ¢ =0
and t = 7. In the discussion of the one-matrix case, the two values of the uniformizing coordinate at the
instanton locations are related as 2*(2) = 1/2*(1),
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and also the connected correlators of the Vandermonde potentials

N—¢N—¢

Aof%(x, o't —tl/N) = Z (In(x — z;) In(z" — z;)), , (8.126)
i=1 j=1
N—¢N—¢

ARyt —t0/N)Y =" (n(y — y:) In(y — ), (8.127)
i=1 j=1
N—¢N—¢

AP,y t — t/N) = (In(z — 2;) In(y —y;)), - (8.128)

i=1 1

[
Il

It follows from (8.112)-(8.125) that (z*,y*) are determined from the equations
Vi@ t) =y",  Viglyt) =a", (8.129)

up to corrections that do not affect the result to the order of 1/N expansion that we are
interested in.

Qualitatively, we have the same terms as in the one-matrix case: since there are N — ¢
pairs of eigenvalues that are integrated on the perturbative contour, and the coefficient N/t
does not change, the 't Hooft coupling is shifted to t — ¢¢/N. This contributes t-derivatives
of Fy, Vi and Voo We also get the connected correlators of the Vandermonde potentials.
There is an ¢ x ¢ two-matrix Gaussian integral that one needs to do exactly. So we have

N—/{ N—{
1 /N dx;dy;
0) N I I s I I — oMy — 1.
Z (N’ t) N‘ (g) /CO o 2 > (’xl x])<yl y])

=1
N N
dx;dy;
x /Cl. 11 o H (@i — ;) (4 — y5) (8.130)
=N i j:Z]\§£Z+1

i=N—/0+1
N
1 2 3
o Y {AN @ )+ Ay ) + 245 (i g )} - |
1,7J=N—{+1

Here Cy is the perturbatively allowed range for the eigenvalues and C; is the Lefschetz thimble
of the effective potential around the non-perturbative saddle point. Just as in the one-matrix
case (8.82), we need to Taylor expand Vi eg(x;, t—t¢/N) and Vs (yi, t—t¢/N) to first order in
¢/N, while the shift in ¢ can be ignored in the connected correlators; indeed we have already
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replaced ¢t — t¢/N with t for these terms. Also, we need to Taylor expand Vi og(x;, t — t¢/N)
and Vo en(y;,t —tl/N) to second order in x; — 2* and y; — y*, while we can replace z; and y;
by their saddle point values in the connected correlators. The integral over C; now forms a
two-matrix Gaussian integral that is given in (8.108). Thus, we get

ZO(N,t) = ZO(N —¢,t —t{/N)
62 * * * * * *
cexp |5 (A a0+ AQ ) + 24500 00

N 8.131
X exp [62 (at‘/l,eff(x*a t) + at‘/Z,eff(y*a t))} X exp |:_? E V;sz(x*v y*):| ( )

£\ 26+0 . . 22
XG2(£+1> N ( 1eff( t) QeH(y 7t)_1) )

()( t)

7O From the above equation we see that this

Now we would like to compute the ratio
ZO)(N—£,t—tl/N)
ZO) (N, t)
that we need to Worry about the division by the Gaussian matrix integral. As we remarked

involves the ratio . The main novelty as compared to the one-matrix case is

n (8.111), it is Z D) that has a nice asymptotic expansion, and from (8.110) we see that

Ga(N.0)
Zgp(N — (,t —tl/N) _ N2 ¢ omt .
tog Za.2(N, t) —5 (Foa(t = tl/N) = Fog(t)) — 5log == + O |

(8.132)

We Want to emphasize the term —= log 2t in this equation, which is novel in the two-matrix
case.!! This means that in the large N hmlt we should write

ZO(N — €t —tl/N) N2 [ it 122 NS
ZO/(N, 1) = &Xp L—Q (__atFO( )+ §Wa Fo(t ))} (2—m> . (8.133)

The multlphcatlve power of N%? is important since it combines with N~ 340 § n (8.131) to
give N~ 12 Tt s important to get this power, otherwise the answer would not agree with
the string theory result.

Thus, the final result is

ZWO(N,t)

ZO(N, 1)

) T (8.134)

= exp {—gf./l}

1'We can see from (8.66) that the correction is order 1/N in the one-matrix case, and hence not important
to the order that we are working at. This was discussed in footnote 7.
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with the quantities A and B defined as
A = Vg(x™, y*) + 0 Fy () , (8.135)
27t 1
B = exp [ OFFy(t) + OiVi e, 1)
<N Ve, Va1 ) t (8.130)
1
FOVaarly' 1)+ SAL 0 0) + S AR v 0) + A v )

These quantities are similar to (8.85) and (8.86) in the one-matrix case. They represent
the on-shell action and the total one-loop contribution about the instanton configuration.
Furthermore, we shall see later that NA/t and B are finite in the double-scaling limit,
representing the tension of the ZZ brane and the exponential of the annulus between a ZZ
brane and itself.

General multi-instanton configuration

We now follow the logic of one-matrix case and generalize to an arbitrary configuration of
instantons. Let us integrate an ¢; number of (z,y) pairs along the Lefschetz thimble of the
saddle point (z7,y7), an ¢, number of (z,y) pairs along the Laefscetz thimble of the saddle
point (23,y5), and so on. Let £ =)/, be the total number of instantons. For each a we
shall get a factor of the form (8.134). Besides this, there are four types of contributions that
give rise to a multiplicative factor Ci‘fgﬂ . They are similar to the ones we enumerated in one-
matrix case, except that we have more functions to keep track of. Also, the Vandermonde
contribution is now a power of (z}, — %) (y5 — v3)-

After a straightforward, though perhaps slightly tedious calculation, we arrive at the
result

Z(51,€2,..~)(N7 t) N 2 ﬁ + 1 Cals
ZO)(N,t) P [_7 Xa: fa.Aa] 1;[ {<Ba) (27 (9 A (2+Ea) H Cocﬁ ’ (8.137)

a<f

with the definitions

Ao = Veg(ah, yl) + 0, Fy(t) (8.138)
B. = <27“ ) exp 32F0( )+ OVian(ws) + 0 Vaan(yis) +
N W ea(ay) Vzlleff ys) — 1 (8.139)
+ pAan ) + A8 02) + ANz )
Cas = (= )y — v3) xp [0 Fo(t) + 0V an(a) + OWVaer(ua) + Vi ()
+OVa.en(y3) + AGH(h 75) + A (e u3) + ASA(ah. ) + AN )|

(8.140)
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The quantities A, and B, are the same as what we derived in the previous section, but
we have included them in this result for the sake of convenience. Comparing (8.137) with
(8.29) we see that the matrix model results agree with the string theory results provided we
identify T;, with NA,/t, B, with B, and C, 3 with C, 3. We shall verify these in the next
subsection.

Now we come to the calculation of the objects that we need, namely those that appear
in the formulas (8.138), (8.139) and (8.140). Using the expressions in [306], it was shown in
[256] that

*(1)
? dXx
-’4-04 = eff(x*a y*) + at-FO - / dz y(Z) <Z) . (8141)
Z*(2) dZ
It was shown in [306] that
0?Fy = 2log vy, (8.142)

which is directly analogous to the equation (8.48) in the one-matrix case. Further, we have
the following equality of one-forms [306]

d
OY (2)] e pzy AX(2) = = 0 X(Y)|,y () AV (2) = _72

In the one-matrix case, the analog of this equation would be (8.41). To get an expression
for the t-derivatives of the effective potentials, note that the definition (8.124) implies that

Vier(x) = /AI dz' Y (2') + (Vi(A,) — tlog Ay) (8.144)

(8.143)

where the limit A, — oo on the physical x-sheet is understood. Using (8.143) we see that if
we introduce the variable 2’ via ' = X'(2’) then,

x 1 d !/ z d /!
OVhea() = — / a2 Y e, = - / G logh, = —log(z),  (8.145)
Az Az/'}’ z
where we used the fact that z ~ vz near x = oo on the physical xz-sheet, see (8.121). This
equation is the direct analog of (8.61) in the two-matrix case. Similarly, we have

4 1 d7 = ody
O Vaerr(y) = / dy = — —log A, = / — —logA, = —log(v/2), (8.146)
Ay 0l

2 dy’ /A, ?
where we used the fact that y ~ v/z near y = oo on the physical y-sheet, see (8.121). Finally,
the connected two-point correlators of the Vandermonde potential, defined in (8.126), (8.127)
and (8.128) are given by [273, 256]
X - X
AW (21, 35) = — log (z1) (Z2>, for x1 = X(21), 2= X(29), (8.147)
’ Y21 — Y22
V(z1) — V(22)
v/ =)z
2
A(()?%(xl, y2) = — log (1 — —2) , for x1 = X(z1), yo = Y(29). (8.149)

21

A(()%%(yla Yy2) = —log for y1 = V(21), v2 = V(22), (8.148)
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These formulas generalize (8.62) to the two-matrix case. From now on we shall drop the *’s
and add a subscript « to a variable to denote its value at the a-th saddle point.
Using these formulas, let us compute the quantity C, g defined in (8.140) that appears in

the general multi-instanton contribution to the partition function:

) —log(z5"7)
g o0glzs Y

1 @) @)y _ g — o 1
—log(v/25”) — Og(V/Z,s ) — log (1)—(1)

Yz — V2

Yo — 2(2) z(2)

—log — " —log [1- =) —log [ 1— =] . (8.150)
@2 _ (2) (1) (1)
Y/ za = /24 2 zg

In writing these formulas, we have to pick the branch 2 for Z, and the branch 2 for Yo
We now see that the logy terms cancel and the contribution log[(z, — 25)(va — ys)] from

10g Ca5 = 10g[(za — 25)(ya — ys)] + 2logy — log(2L"

the Vandermonde factors also cancels with the corresponding factors from A(()g and A%.
Simplifying a bit, we find!?

NONN O g

2&1) B Zéz) zc(f) B Z/(;) :

log Co 5 = log (8.151)

Now let us come to the computation of B, defined in (8.139). Again, we have to pick
the branch z{" for z, and the branch 2 for Yo. We first simplify the exponential piece
appearing in (8.139):

—82F0+8tmeﬁ+atvgeg+ A(”+ A )+ A

= logy — log(vz{") — log(v/2) — log(lif(zl)o

1 1 dy e
S _ (22 2) . _ Fa
210g( S Ga )) log (1 ) - 8152)

We see again that the logy cancels out and the expression simplifies to

1 1 1
exp éafFo + O V1ot + OtV + 51481% + 51482% + A(()B%}

l\)\b—l

:ﬁ (_i—f(zl)g(ﬁo . (8.153)

Za' — Ra

12 As a consistency check, we can see that this expression is consistent with the one-matrix results where

2P = 1/2((11). To see this, we multiply (8.63) with the contribution from the Vandermonde (z, — xg)>

Za—28 1/za—1/2p in
za—1/2z3 1/za—2p

and use T, = V(2o + 1/24) and the corresponding relation for zg. This gives Co g =
agreement with (8.151).
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The prefactor term in (8.139) combines nicely with the second term in the above equation.
To see this note that V' g(x) = & and Vi g(y) = dX . Thus, we get

dz
B, = N fol) ) ( dz (Z ) dz (Z ) dz ( ) P (Z )> ) (8.154)

The double-scaling limit

Finally we discuss the double-scaling limit. The double-scaling limit is defined by zooming in
near a point on X that corresponds to an end point of the distribution of the eigenvalues of M,
(the symmetry between M; and M is broken by which potential has a higher degree). This
is a point that lies on the boundary of the z-image of the physical x-sheet. We appropriately
choose the parameters in the potentials V; and V, and introduce new variables ,y, z and
new functions X, Y, X and ) as,

1.

z, y=c, +dyet g, z=c,+d.e2z
X(y) = +d 5 X(G), Y@)=c +d,e8 Y (2), (8.155)
X(Z)ZCI+dx€2 ( ) y('Z):Cy—i_dygg 5}(2)7

for appropriate constants c,, ¢y, ¢;, dy, d,, d,. We now take the limit N — oo, ¢ — 0, while
keeping fixed the combination

L
2

T =cp+d.e

So

N
e = —
t

dpd, 577 (8.156)

The analog of the conformal background for the one matrix case is a special choice of the
parameters of the potential V4, V5 and the parameters c,, ¢y, ¢., dy, dy, d, such that [264, 250]

X(2)=Ty(3), YE) =T,3). (8.157)

Here T, denotes the Chebyshev polynomial of the first kind which is defined by the relation

cospd = Tp(cosh). Equation (8.157) also implicitly defines the functions X and Y after
eliminating Z. In the new variables the spectral curve of the conformal background of the
(p, p) minimal string is the following curve [264]

¥ ={(@,9) € C*|T,(%) — Ty(y) = 0}, (8.158)
with Z being the uniformization parameter of this surface. This follows as
1, (X(2)) = 1, (Tp’(g)) = Tpp/('g) =Ty (Tp(f%)) =Ty (Y(2)) . (8.159)
The relations (8.122), (8.123) defining the instanton locations now take the form:

=Xy, =Y, (8.160)
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(&, 7%) = (X(ZW), p(z0)) = (X(z@), P(z?)). (8.161)

These represent locations of the instantons which are also the singular points of 3. Explicitly,
there are (p' — 1)(p — 1)/2 singular points on ¥ given by

/
mp , (=" cos —

(Zmns Urmn) = ((—1)’” cos

me{l,....p) =1}, ne{l,...,p—1}, (8.163)

or ) . with (8.162)

and subject to the identification (m,n) = (p’ — m,p — n) since these two labels give the
same point on the curve Y. We have omitted the stars from the notation to reduce the
clutter; the subscripts m, n make it clear that these values refer to the singular points. Each
of these singular points corresponds to two distinct values of the uniformizing coordinate z.
Explicitly, these are

2}5% = cos (Wm + ﬂ) ) 27(3)” = coS (mzl — @> . (8.164)
’ ' p p

From the analysis given above, we cannot determine which of the two values cos(g—’fl + )

p
corresponds to Z,S}b)n and which to é,(n,%)n However, exchanging them changes the signs of

T, = NA,/t and (B,)? computed from (8.141) and (8.154), respectively, and leaves C, s

computed from (8.151) unchanged. Since we only compare the combinations BaTct/ ? and
Co s with the string theory results, this ambiguity does not affect our analysis. Ref. [256]
resolves this ambiguity using a physical input.

Let us now compute the on-shell action of the instanton labeled by (m,n). Using (8.155)
and (8.156), we can recast (8.141) as

(1) ~

N oo [P aR(3)
S A= /;3 az3(2) T2 (5.165)

In particular since f(%%)n) = f(%ﬁf)n) = Zmn, the constant terms ¢, and ¢, in (8.155)
drop out of this equation. To evaluate this, we first compute the indefinite integral of

T,(2) LT, ()

z d 4 1 5 1 5
[ttt = (s T - S Ts@) ve, (s100)
where C'is the constant of integration. Taking the difference between this indefinite integral
expression evaluated at the two values of Z in (8.164), we get

N s man 200 . mmp . wnp
T = " A = €7° (—1) R sin p’ sin Pt (8.167)
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We now take the double-scaling limit in the formula (8.154) for B,. The result is

N

Bon = 6_30/2
: 20 _ 20

V2r dx x(1) dy (2) ¥ 5(2) y (1) 7
N ) E('za )E(za )_E(za )E(za )

n o -1 (8.168)
/oo 1\mANn o3y TMP (i TNP 3
— o50/2 V2 (2}?17( 1) sin =7F sin == ) |

mm

ZSinvsin% in? ™ in? ™

sin“ % — sin
P P

Using (8.167), we see that

By = (Ty) b | \/g <cot2<m/p>2 - c<32t2<7rm/p'>)é | (5.169)

p =D

agreeing precisely with the string theory result (8.30). Note that the overall sign of B,,,, can
be changed by changing the orientation of the steepest descent integration contour in the
complex eigenvalue plane. This sign is not significant since the string theory computation
also has a similar ambiguity.
Finally, we discuss the double-scaling limit of C, 3. Since z just undergoes a shift and
rescaling by 3, we get from (8.151) that
;0 _ 0 5@ 5/;2)
1)’
B

ﬂ «
X

(1) £(2) (2)

Za - Z,B 6%

Cap = (8.170)

with Z, given in (8.164). This yields

/ / / /
cos (7;—7,” + m) — cos (—7”7 + ﬂ) cos (@ — ”—”) — cos (—7”7 — ﬂ)

p p p P p P p
C(m,n)(m’,n’) - ™ ™m m/ n/ x ™ ™m m/ AN
005(74—7)—605(7—7) cos(T—?>—cos<T+7)
(8.171)

After some simplification using basic trigonometric identities, we see that this agrees with
the string theory result (8.22).

Finally, let us make a remark about the ratio of the tensions of the various ZZ branes.
From (8.167) we see that the matrix integral predicts that

. . /
T sin T2 gip 0P
mn_ (—1)m+” - I;T - WI: . (8.172)
Ty, smp—f’smTP

Similar to the remarks in Section 8.3, this agrees with the results from the the string the-
ory side [143, 259, 250]. The boundary state wavefunction ¥,,,(P) o sinh(2rmPb~1)x
sinh(27nPb) which for P = —i(b—b7')/2 equals (—1)™"" sin Tk sin %p,.
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Chapter 9

The Z7Z Annulus One-point Function
in Non-critical String Theory

9.1 Introduction

The study of non-perturbative effects due to ZZ instantons [143] in two-dimensional string
theory by Balthazar, Rodriguez, and Yin [25] has motivated a string field theory analysis
of IR divergences in instanton amplitudes. The agreement between the string field theory
analyses and the predictions from the dual matrix quantum mechanics is impressive [26, 307,
257]. The string field theory analysis of instanton amplitudes has been extended to other
non-critical string models [23, 24, 276, 308, 309] where the computations agree precisely
with the predictions from the dual matrix models. It has also been extended to critical
superstrings [281, 277, 293, 278, 279] where the D-instanton effects match precisely with the
predictions from superstring dualities. In [280], worldsheet computations of instanton effects
were performed in Calabi-Yau orientifold compactifications, which is a new result and was
not previously known from a dual description.

Among all these successes, there is one particular observable that stands out and does
not match with the dual prediction. This is the annulus one-point amplitude in the original
¢ = 1 string theory computation of [25], which is relevant for computing the first subleading-
in-g, correction to the D-instanton induced m-point amplitude of closed-string operators.
This amplitude receives divergent contributions from integration over the worldsheet moduli
near the boundaries of moduli space. This leads to an additive ambiguous term in the
amplitude. Extracting the finite part of the worldsheet amplitude via numerical integration
over the moduli space, and comparing this with the amplitude from the dual matrix quantum
mechanics leads to a prediction for the ambiguous piece of the worldsheet amplitude [25, 310].
In [307], a string field theory analysis was performed to determine the ambiguous piece, but
the result was found to not match with [25, 310], leading to a puzzle.

In the present work, we resolve this mismatch. We first simplify the model by working
with the ¢ < 1 non-critical string, and we study the integrated correlation functions of the



CHAPTER 9. THE ZZ ANNULUS ONE-POINT FUNCTION IN NON-CRITICAL
STRING THEORY 167

cosmological constant operator. The first simplification is that one does not have to worry
about the translation zero mode of the ¢ = 1 scalar. Second, the one-point annulus amplitude
of the cosmological operator has a simple form that can be obtained by differentiating the
partition function with respect to the world-sheet cosmological constant u. Third, because
of the Liouville equation of motion, the cosmological operator is a total derivative and
the moduli space integral reduces to just boundary contributions, obviating the need for
numerical integration over the moduli space. In trying to compute the one-point annulus
amplitude in this simpler model, we were able to identify a subtle issue in the computation
in appendix D of [307], which analyzed the disk amplitude with one closed string puncture
and three open string punctures. This was needed for finding the relation between the string
field theory gauge transformation parameter and the rigid U(1) transformation parameter
under which an open string with one end on the instanton picks up a phase.

Let us briefly explain the subtlety. The disk amplitude with one closed string puncture
and three open string punctures has a two-dimensional moduli space. String field theory
instructs us to integrate a two-form on a subset S of this moduli space that excludes certain
regions around the boundaries. The two-form turns out to be exact. Let’s denote it by
dJ, so that the moduli-space integral reduces to the integral of J over the boundary 05
of S. It so happens that in appendix D of [307], when we go once around 05, the open
string punctures do not return to their original position, but to a configuration related to
the initial one by the one-parameter subgroup of PSL(2,R) that keeps the point z =i in the
upper half plane fixed. In such a situation, one must make sure that the contraction of J
with the tangent vector along the orbits of this PSL(2, R) transformation is zero, something
that was not true for the J chosen in [307]. It turns that one can add an exact one-form to
J so that it satisfies the desired property. (Alternatively, one can reduce the orbits under
discussion to points by fixing the location of one of the punctures and work directly with
the two-dimensional moduli space.) After this fix, the mismatch goes away and one-finds
agreement with predictions from the dual matrix models both in the ¢ < 1 and the ¢ =1
case.

Now we present the main result of this work. Let V = %% denote the bulk cosmological
constant vertex operator in minimal string theory. The integrated correlation functions of V'
can be obtained by taking p-derivatives of the partition function. Let g; ! be the tension of
the ZZ brane. Further, let g,f denote the disk two-point of V', divided by the square of the
disk one-point function of V', and let g;g denote the annulus one-point of V', divided by the
disk one-point function of V. By taking p-derivatives of the partition function and setting
1= =, one finds

2
- Q

Our goal will be to reproduce both of these results via explicit integrals over the relevant
moduli spaces, using string field theory to regulate divergences from the boundaries.

1
~1, g=-. (9.1)

! 2
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Overview

The rest of the paper is devoted to setting up the problem in the ¢ < 1 case and explaining
the above remarks in more detail. In Section 9.2, we briefly review the ¢ < 1 non-critical
string theory, and also certain conventions for the Liouville and ghost CFTs and for string
amplitudes that will be important for us. In Section 9.3, we provide the general analysis
that leads to a concrete prediction for the disk two-point function and the annulus one-point
function of the cosmological constant operator, leading to the predictions (9.1). The key point
is that the correlation functions of the cosmological constant operator can be related to u-
derivatives of the partition function. In Section 9.4, we compute the disk two-point function
of the cosmological constant operator by integrating over the one-dimensional moduli space,
which matches with the prediction (9.1). The disk two-point function contributes at the same
order as the annulus one-point function, and was already found to match the matrix quantum
mechanics result in the ¢ = 1 case [25, 310, 307]. Finally, in Section 9.5, we compute the
annulus one-point function exploiting the total derivative nature of the cosmological constant
operator to integrate over the two-dimensional moduli space. The analysis of Section 9.4 and
Section 9.5 requires computing string field theory Feynman diagrams to get finite results.
Since the analysis of [307] was quite lengthy overall, we will not repeat all the computational
details of the various contributions and instead emphasize the conceptual points that are
different in our analysis. The appendices contain details of various overall normalizations of
string amplitudes that are important for our work.

9.2 Setup and conventions

Conventions for string amplitudes

We will follow the conventions of [277]. One important convention is that the integrated
closed string vertex operators are integrated with the measure @. For the upper half
plane geometry, the open string punctures are integrated along the real axis with measure
dx.

We take the three-point function of the c-ghost in the upper half plane to be

(c(z1)c(z2)e(z3))yunp = —(21 — 22) (22 — 23)(21 — 23) . (9.2)

This normalization, with the string field theory path integral being weighted as
exp[3(V|Qp|T)], gives rise to the path integral weight exp[—3hy¢7] for a Siegel-gauge
bosonic field ¢, with Ly = hy.! For example, in the case of the the tachyon ¢;ci]0), the
action evaluates to $¢3 (0lc_1 coLo ¢1]|0) = 3¢7, which is the correct result since hy, = —1 for
the tachyon. For later use, we also need the out-of-Siegel gauge field ¢/ that appears in the

'In our convention where the path integral is weighted by exponential of the action, an n-point interaction
term in the action gives a contribution to the n-point amplitude without any extra minus sign or factor of i.
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string field as

The path integral weight of 1 is exp(—1?), so that the propagator of ¥ equals %

We define g, so that nonperturbative contributions to string amplitudes carry an overall
factor of exp(—g;'). In other words, the action of the instanton is —g .

In the conventions of [277], the one point function of a closed string vertex operator .
on the upper half plane is given by

A1) = 4; (0 — T - (9.4)

S

The upper half plane amplitude for n closed string punctures and m open string punctures,
with one closed puncture and one open string puncture fixed is

Adis(Vrhg') = 0 /(1/}(; Vo' )unp - (9.5)
The factor of i was explained in appendix A of [278]. In this paper, we will instead be
interested in the case where the PSL(2,R) symmetry is fixed by fixing the position of one
closed string puncture at z =i and fixing the x-coordinate of another closed string puncture
to zero. This is analyzed in the next subsection.

Fixing PSL(2,R) with two closed string punctures

We want to study the integration measure for the upper half plane amplitude A(¢)™)
when all the open string punctures are integrated, one closed string puncture is fixed at i,
and another closed string puncture is fixed at iy.

The only non-trivial part is the overall normalization since the y dependence of the
measure is captured by the correlation function where appropriate ghost factors are included
in the definition of the unintegrated vertex operators. We start with the original configuration
with one open string vertex operator fixed at the origin and one closed string vertex operator
fixed at z =i. For convenience, let us consider the case where we have only one open string
vertex operator and two closed string vertex operators. We take the unintegrated form of
the closed and open string vertex operators to be 1. = ccV. and 1), = cV,, respectively.
(Here V., is a dimension (1, 1) bulk operator, and V, is a dimension 1 boundary operator in
the worldsheet theory.) Let the integrated closed string vertex operator be at z = z +iy. In

this case the integrand is

Sy T (Va(2ol0)) (9.6)

T Gs

Now we shall make a PSL(2,R) transformation

z—a
Cl4az’

/
z

(9.7)
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Denoting 2z’ = 2’ + iy, we adjust a so that z’ vanishes. This will move the open string at
the origin to ” = —a. The new configuration is labelled by z” and vy’ and our goal will be
to rewrite the original measure as

C g;t dz"dy (.(i) (c +¢)Ve(iy ) Vo (2")) . (9.8)
It is the constant C' that we want to determine. This can be done by taking (z,y) to be
close to the origin so that ’ = 0 can be achieved by an infinitesimal transformation with

a = x. This gives 2" = —a = —z and 3y’ = y. Therefore we have dzdy = dz”dy’, and both
x" and z” are integrated from —oo to +00. Using (9.2), the ghost correlator in (9.6) is

{ce(i)c(0)) = —21i, (9.9)
while that in (9.8) is

(ce(i)(c(iy') + c(iy'))) ~ —41 for y = 0. (9.10)
Equality of (9.6) and (9.8) now gives .
i

= A1

-1 (0.11)

Even though we have derived this in the special case of only two closed strings and one open
string, we can now generalize this to give the amplitude of n closed strings and m open
strings, keeping fixed one closed string vertex operator at z = i and integrating another
closed string vertex operator along the imaginary axis with measure dy from y =0 to y = 1:

Adgisk(V0]") = Qig /W?Won)UHP- (9.12)

The important point about (9.12) is the precise overall numerical factor.

Minimal string theory and Liouville CFT

The term minimal string theory refers to a worldsheet model where the matter sector consists
of the (p', p) minimal model [244, 274]. Here p’ and p are two relatively prime integers and our
convention is that p’ < p. The minimal model is a CFT with central charge c =1 — (p_p)z
The conformal mode of the metric does not decouple and gives rise to the Liouville CFT
with central charge 26 — c¢. Together with the bc-ghosts we have an anomaly free worldsheet
theory. These theories have a dual description via an integral over two Hermitian matrices
in the double-scaling limit [272, 273]. When p’ = 2, the integral over one of the matrices is
purely Gaussian and it can be integrated out giving rise to a one-matrix integral.

The path integral of Liouville field theory on a two-dimensional Euclidean manifold with

metric g is given by [143]

/[D¢] exp [— /dx dy /g (— 9" 0,90, ¢ —|— QR¢ + ue%d’)} ,  where (9.13)

/

S

Q:%M, b= (9.14)

p
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We will be interested in the correlation function of the marginal operator V := 2°?,

Fixing the background metric to be flat, one sees that the equation of motion of the Liouville
field is

1

4W(a§ + ) =pbe™?. (9.15)

So we see that the operator e¢?? is a total derivative. While this derivation holds in the
semi-classical limit b — 0, the result holds even for finite b [311]. In fact, this equation
of motion is only the first in an infinite series of “higher” equations of motion in Liouville
theory [311]. These equations of motion have been previously used to compute integrated
correlation functions in minimal string theory on the sphere topology [312, 313, 314, 315].
It will be useful for us to introduce a rescaled cosmological constant

f= T (9.16)

so that the interaction term in the Liouville action takes the form [ 924 e This will

be useful, since we will be integrating closed string punctures with the measure dedy, as in
[277]. With the definition of & and changing to complex coordinates z = x + iy, we rewrite
(9.15) as

1 —
V=e"=_—000. 9.17
¢ — = 305 (917)
Another fact that we will need is the following. Because of the term in the action
proportional to QR¢, the operators d¢ and 0¢ are not conformal primaries but transform
as
Q f"(2)

06(2,Z) — 5 70

with a similar relation for 9¢. We will also need the following OPE between the operators

0¢ and V

+ f'(2) 00(f(2), f(2)), (9.18)

D6( DV (i) = ——— V(i) +... . (9.19)

z—1

Instanton effects in minimal string theory are represented by open string worldsheets
with ZZ boundary conditions, which are labeled by a pair of integers [143]. In this paper we
will only work with one ZZ brane of the simplest (1,1) type. The boundary state for the
matter sector will be taken to be the Cardy state that contains only the identity operator in
the open string channel [268, 108]. Denoting by 27t the Euclidean time in the open string
channel and letting

vi=e (9.20)
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the annulus partition function of the minimal string with the desired boundary conditions
is given by [143, 269, 249]

o dt
Cy ::/ — Z(v), with (9.21)
0 2t
Zw)= (v =1) v~ (=) /4pp’ Z [U(2pp’j+pfp/)2/4pp/ _ U(2pp’j+p+p’)2/4pp’] (9.22)
j=—00
=0 =2+ 0(v). (9.23)

In the last line we have displayed the terms that give rise to divergent contributions from the
t = oo end of the integral. The v~! term arises from the open string tachyon that multiplies
the state ¢1]|0) with Ly = —1, and the —2 arises from two Grassmann-odd modes p; and ¢;
that multiply the states |0) and c_1¢;]|0) with Ly = 0. One of the insights of [26] was that
p1 and ¢ are ghost zero modes that arise because of the breakdown of Siegel gauge. This is
related to the fact that the worldvolume of a D-instanton is zero dimensional. One needs to
instead integrate over the ghost-number one field ¢ that multiplies the state ¢y|0) and divide
by the volume of the “gauge group” of the worldvolume theory of the D-instanton, which is
finite:

/ apdg, > L efng(-W) . (9.24)

In particular, the open string field ¢/ can run in internal propagators; such contributions
to string amplitudes are not captured by the worldsheet analysis and need to be explicitly
added [307].

Let us now discuss the bulk-boundary OPE with ZZ boundary conditions. Working with
the upper half plane coordinate system, this takes the form [143]

0¢(2,z) = — ¢ +0(z—72) (9.25)

Z—Zz

0p(2,%) = + ¢

+O(z - 7). (9.26)

Z2—Z
The coefficient of the leading term is fixed by using the equation of motion (9.17) and the
fact that the one-point function of V(z,Z) is given by %ﬁ [143]. Setting & = 1, note in
particular that

: Q
Vv = —. 9.27
(V(1))unp I ( )
That the expression for the one-point function of V'(z,%) resembles the metric of hyperbolic
space H? (represented using the upper half plane) and with the correct radius of curvature

in the semi-classical limit is tied to the fact that physically the ZZ boundary conditions
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represent the Liouville field theory placed on the pseudosphere. Note also that there are
no O((z — z)?) terms in (9.25) and (9.26) since the boundary theory in the Liouville sector
does not have any state of conformal weight 1 (the only boundary operator is the identity,
so that the L_; descendant is null). Finally, we note that (9.18), (9.25), (9.26) and the scale

invariance of the upper half plane imply that

(06(z.2)yumr = ——2— . ([Fd(z,2))omp =

z2—Z z2—Z

(9.28)

9.3 (General predictions for the disk two-point
function and the annulus one-point function

In perturbation theory, the string partition function is given by a sum over closed string
worldsheets, organized by genus. This series is asymptotic and contains non-perturbative
corrections due to instanton effects [246, 316, 252], which, in the case of critical strings can be
thought as being due to worldsheets with Dirichlet boundaries in all target space directions
[317]. In the context of minimal strings, the relevant boundary conditions are of the ZZ type
[143], which are analogous to Dirichlet boundary conditions in the critical string. As already
mentioned, throughout this paper we will focus on a single ZZ brane of the simplest (1,1)
type, and also the simplest Cardy state for the matter sector.
The string partition function including the one-instanton contribution is given by

—

Z(t,gs) = 29, g5) + ZV (T g5) + ..., (9.29)

—

1
ZO(E g,) = ZO(T g,) exp | g7 A(T) + 5 log gs + B(t)+C(t)gs + -+ |, (9.30)

where g, is the closed string coupling, ¢ are the set of parameters that label the various
possible deformations of minimal string theory or the dual double-scaled matrix model, and
ZO)(t, g,) is the perturbative contribution to the partition function. The dots in (9.29)
denote contributions from multi-instantons, which we do not study in this paper.? The
point ¢ = 0 represents the conformal background, with only the worldsheet cosmological
constant switched on [263]. The coefficient % multiplying the log g term is special to the
¢ < 1 minimal string [23].

Taking derivatives of Z() (ﬁ gs) with respect to the ¢;’s, we can get the one-instanton con-
tribution to the n-point function. The full diagrammatics of the one-instanton contribution
was discussed in section 2 of [318]. In taking the derivatives, there will be terms in which one
or more derivatives hit the Z(©(t, g,) factor in (9.30). Such terms will produce closed-string
worldsheet components without boundaries and will not be the subject of interest in our

2Even though the g, dependence of Z (t_: gs) can be determined from its t dependence, we regard g as
an independent variable.
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work, so we shall not write them. So we have

1 oz —1 40\ 1 3 o 0A
95 YA(0)+1 log g5+ B(0) —n
Z00 91y, 0ty |y 9 {El ot.. }
- 9*A 0A 0A " OB /0A
1 2
SRR 52_ Ots, 00, /(atiﬁ ot )Jrgszatiﬂ/atiﬁ +9,C+0(g;)
iy ! k =t
(9.31)

It is understood that all quantities on the right hand side are evaluated at ¢ = 0, and we
have only displayed those terms on the right hand side in which all the derivatives act on
the explicit exponential factor in (9.30).

We now compare various terms in (9.31) with the expected string amplitudes. The
quantity g;'A(0) is the instanton action and exp(3 log gs + B (0] is the exponential of the
annulus partition function studied in [23].

Ignoring all contributions with vertex operators inserted on closed-string worldsheets,
since they represent terms where some of the derivatives act on the Z(® factor in (9.30), the
leading term for the n-point correlation function comes from the product of n disk one-point
functions (times the exponentials of the instanton action and the cylinder partition function
that accompany all correlation functions).® This takes the form

95 A0)+5 log gs+B(0) g H hi. . (9.32)

where g;1h; has the interpretation of the disk one-point function of the vertex operator
associated with the ¢; deformation.® This matches the leading term in (9.31) if we identify

04

h; = .
ot;

(9.33)

For a given instanton, we choose to pick t; ’s on the left hand side of (9.31) such that the
disk one-point function of the operator associated with the ¢; deformation does not vanish.

At the next order, again ignoring terms with vertex operators inserted on closed-string
worldsheets, we expect three types of contributions:’

e Product of (n—2) disk one-point functions and a disk two-point function. If we denote
by gsfi; the ratio of the disk two-point function of operators associated with the ¢;,¢;

3In non-critical string theory, one- and two-point functions on the sphere are non-zero, so contributions
that are more important than this contribution exist.

4We normalize the closed string vertex operators in such a way that they do not carry any factor
proportional to gs.

5So we are not studying contributions from, for instance, a three-punctured sphere times (n — 3) one-
punctured disks, and the one-punctured torus times (n — 1) one-punctured disks.
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deformations to the product of the disk one-point functions of the same operators, then
this contribution takes the form:

o ; TOA | &
95 A0)+5 log gs+B(0) gs—(”—l) { 7 } g Jigiy - (9.34)
a=1 "o ) =1
B<y

e Product of (n — 1) disk one-point functions and an annulus one-point function. If we
denote by g g; the ratio of the annulus one-point function and the disk one-point func-
tion of the vertex operator associated with the t; deformation, then this contribution

takes the form:
—1 e 1 ~ n aA -
¢9= A +31ogg:+BO) y—(n-1) o Zgiﬁ , (9.35)
a=1 """ ) g=1

e Product of n disk one-point functions with the O(gs) corrections to the instanton action
coming from the three-holed sphere and the handle-disk. If we denote by g;C this O(gs)
correction to the instanton action, this contribution takes the form

g5 ' A(0)+3 log gs+B(0) ,—(n—1) T 94 C 9.36
e 9s {01;[1 ot . ( . )

Comparing these three contributions to the three O(gs) terms inside the square brackets in
(9.31), we arrive at the prediction:

0*A 0A0A 0B /0A =~
fij = —8ti8t]~/ (&i a_tj) ) 9i = ati/ﬁ_ti’ ¢=C. (9.37)

So far our analysis involved a general n-point function, but now we specialize to the
main case of interest in our work. Consider a special case where all ¢;’s appearing in (9.31)
correspond to deformations of the cosmological constant g from its background value, which
we shall take to be 1. The Liouville action (9.13) tells us that taking a g derivative brings
down an insertion of — [ % e on the worldsheet. Thus, the vertex operator corresponding
to the i deformation is —V.

The DDK-KPZ [319, 320, 321] scaling, that follows from the shift of the zero mode of
the Liouville field in the action (9.13), implies that the partition function depends on 1 and
gs through the combination g '?/(?*). Therefore we can take

g5 A(l) = —gg /e (9.38)

1 1 ~
éloggs—l-B(ﬂzéloggs—%logu—i—Bg, (9.39)
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where By is a constant that is independent of iz and gs. As already mentioned, we normalize
gs so that the instanton action at i = 1 equals —1/g;. Using these results in (9.37) and
denoting the f;; and g; for t; =t; = — 1 by f and g respectively, we get,

fOA[(0AN] w05 jo
(Y]

oo @ o Yo/ o
Our goal will be to verify these relations by explicit worldsheet computations, using string
field theory to regularize divergences from the boundaries of moduli space.

We remind the reader that g, f is the ratio of the disk two-point function to the square of
the disk one-point function, and g,g is the ratio of the annulus one-point function to the disk
one-point function. In particular the mismatch that was observed in [307] is in the quantity
g. Here, we have a simple prediction that g = 1/2, and this will serve as our lamppost to fix
the mismatch. In the end, the direct worldsheet computation, aided by string field theory,
leads to perfect agreement with both the predictions f = 2b/Q — 1 and g = 1/2.

As a preliminary sanity check, let us verify that the worldsheet formula (9.4) gives us the
disk one-point function of V' = €2** that we expect based on the analysis in this section. We
can use (9.33) and (9.38) to get the one-point function of V' on the disk, and so we have the
prediction

% | (9.40)

p=1

9A 0
Asac(V) = =g, ==| =9," % 9.41
aisk(V) = =g, il =% (9.41)
On the other hand, using (9.27) and (9.2), the formula (9.4) with 1. = ¢V yields Agisk(V) =

4—; X % X4x2=g" %, as expected. (The final factor of two is due to the fact that the

two terms in (9.4) involving dc and 9¢ give equal contributions.)

9.4 The disk two-point function

In this section we compute the disk two-point of the cosmological constant operator V = e2?
directly from the worldsheet correlation function and show that we reproduce the value of f
given in (9.40).

Using (9.12) we write the disk two-point amplitude as

Agisk(VV) =

1
I /0 dy (@ (i) (¢(2) + 2(2)V (2, ) v (9.42)
where it is understood that the second insertion is at z = iy. We shall analyze this by
dividing the integration region over y into two parts: the range ¢ < y < 1 and the range
0 <y < € for some small number €. We treat the 0 < y < € region using string field theory
Feynman diagrams to deal with the potential divergence from the y — 0 region. Let us call
these two contributions A((jliik(VV) and A((fiik(VV), respectively.
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First we consider the contribution A((iligk(VV) from the region y > e. We use the equation
of motion (9.17) and holomorphicity of ¢ to write this as

i

A((iligk(vv) = 2bg

dy (ceV (i) { O(cO¢(z,Z)) + O(€Dp(2,%Z)) })ump (9.43)

dy (ceV (i) { 0.(cO0¢(z,Z) +€0P(z,%))
+10,(c0¢p(2,%) — c0p(2,%)) }>UHP

where we have converted to Cartesian derivatives in the second line. The term involving 9,
can be converted to a total derivative, but we need to be a bit more careful with the term
involving 0,.

For this, note that the PSL(2,R) transformation z
for small a, moves the puncture at (0,y) to (—a(l —y ),y). That is, it moves the second
puncture in the z-direction. If ¢ and d¢ had been primaries of dimension (0,1) and (1,0)
respectively, then cd¢ and ¢0¢ would have both been dimension zero primaries, and so
PSL(2,R) invariance of the correlation function would imply that the x derivative term in
(9.44) would vanish. However, the term proportional to @ in (9.18) spoils this argument,
since the second derivative with respect to z of - does not vanish for z = iy.

We could fix this problem by taking into account the @)-dependent terms in (9.18) for

f(z) = F o+ but we shall follow a slightly different approach Imagine starting with the
1+1z

1
~ by, (9.44)

disk geometry with the coordinate w = {==. Also, let w = re'? in polar coordinates on the
disk. In this geometry, one puncture is located at w = 0 while the second is placed on the
real-w axis at w = }jr—z On the disk geometry, the PSL(2, R) transformation that moves the
second puncture off the real axis while keeping the first puncture at the origin fixed is simply
a rotation of w. Since this is linear in w, the inhomogeneous term in (9.18) vanishes, and
hence the 6 derivative of the correlation function of dimension zero fields vanishes. So we
can first transform (9.42) to the w-coordinate system using the fact that V' is a dimension
(1,1) primary, use manipulations analogous to (9.43) and (9.44) to express the result in the
(r,0) coordinates, drop the @ derivatives, and finally transform it back to the upper half

plane using w = 5. Using (9.18), we get

Ci -c(2), (9.45)

© o). (9.46)
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Plugging these back into the analog of (9.44) in the w-coordinate system, we get

1
ARV =~ / dy<czv<i>ay(ca¢<z,z>

+ Zc_i i c(z) —eop(z,%) — _Q : E(z)) > (9.47)

zZ—1

Now we carry out the y-integral in Aéligk(VV) by computing the two boundary terms.
The contribution from the y = 1 boundary is given only by the cO¢ and the ¢0¢ terms since
only these contain the pole necessary to cancel the zero from the OPE of ¢(i)c(z). Thus,
using the OPE (9.19), we get

A VV)| | = = o tim (e2li) (c00(,2)V () = Do 2V (D) Yy (9:49)
= Ltz (oc-T) VY, (9.49)

4gs

where all the insertions in the second line are understood to be at z = i. We can evaluate
this correlator using (9.27) and (9.2) to get

—g 2

AL .
dlsk(vv) y=1 2b

(9.50)

The contribution from the y = ¢ boundary contains two pieces. There is a finite piece
due to the second and fourth terms in (9.47):

1 .Q.Q.(_Qi)XQZ_g*1Q2

AP vV = 12
dlSk( )y:e, finite 4bgs 4b 1 s 4{)27

(9.51)

where we have again used (9.27) and (9.2). Finally, the contribution from the y = ¢ boundary
contains a divergent piece due to the first and third terms in (9.47). We use the bulk boundary
OPE (9.25), (9.26) together with (9.27) and (9.2) to get

1 Q ( Q

= o —_ _ f— -1 -1 Q_2
y=¢, div 4695 4b 2ie

AL (VV) ) (=2i) X 24 0(e) = € ¢ ek

(9.52)

Note that we do not get any order €® contribution because of the lack of O((z — z)°) terms
in the bulk-boundary OPE (9.25), (9.26).

We now analyze the contribution A?igk(VV) that comes from the region 0 < y < e.
As already mentioned, we shall regard this as the contribution from a Feynman diagram
of open-closed string field theory where a pair of open-closed string interaction vertices are
joined by an open string propagator. This Feynman diagram is shown in figure 9.1(a).°

6The Feynman diagram in figure 9.1(b) yields the sum of (9.50), (9.51) and (9.52).
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(a) (b)

Figure 9.1: The two Feynman diagrams that contribute to the disk two-point amplitude.
The thick lines denote closed strings, while the thin line denotes an open string. The first
diagram gives the moduli space integral over the range 0 < y < ¢, and the second diagram
gives the contribution from the range € < y < 1. Figure reproduced from [307].

The two relevant open string states are the tachyon ¢;|0) with Ly = —1, and the out-of-
Siegel-gauge mode icy|0) with Ly = 0 [307]. Quite generally, in string field theory we expect
that the tachyon exchange contribution cancels the divergent piece (9.52). We verify this
explicitly in the next subsection which also serves as a simple illustration of the mechanism
by which string field theory cancels such divergences. The contribution from the exchange
of ¢0|0) vanishes since the relevant open-closed vertex, being proportional to the correlator
(ceV (i) 0c(0))unmp, vanishes (as can be seen from (9.2)). The contribution from all other
states with Ly > 0 vanishes in the limit ¢ — 0.
Thus, putting together (9.50) and (9.51) we get

2
| _ 9 (2
Aas(VV) = g5 W ( 0 1) : (9.53)
Recalling the disk one-point amplitude (9.41) and the definition of g, f, we get
Agisk(VV) (21) )
sf=—— 3 =9s| ~—1]- 9.54
8= AV~ 0\ Q .

Thus, we find perfect agreement with the prediction in (9.40).

Tachyon exchange contribution to the disk two-point function

The goal of this subsection is to show that the tachyon exchange explicitly cancels the
divergent term in (9.52). The open-closed interaction vertex is associated with an UHP two-
point function, with one closed string at i and one open open string at 0. Let us denote by z
and 2’ the coordinates on the two UHP coordinates representing the two vertices respectively.
The closed strings are inserted at z = i and 2’ = i, while the open strings are inserted at
z = 0 and 2’ = 0. Since the open string insertions are part of the internal open string
propagator, they are in general off-shell and we need to specify the local coordinates w and
w’ around the insertion points z = 0 and 2z’ = 0. We take [307]

w = Az, w' =\, (9.55)
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for some large constant A\. Then the string field theory Feynman diagram produces part of
the world-sheet moduli space where we sew the two upper half planes by the relation

ww' = —gq, 0<¢g<1. (9.56)

Using (9.55) we get the relation z = —q/(A?2’), so that the two closed-string vertex operators
are inserted in the z-plane at z = i and z = ig/A\%. Calling the second position iy we see
that the range 0 < ¢ < 1 translates to 0 < y < A72. Since the desired range in Section 9.4
is 0 <y < ¢, we see that we should choose

A2 =1/e. (9.57)

Once we have determined the relation between the parameters € and A, we shall forget the
Schwinger parameter representation of the propagator and directly calculate the contribution
from various open string exchange diagrams. Due to the relation (9.55) between the local
and global coordinates, the coupling of an internal open string state of conformal weight
Lo = h is scaled by a factor of A™". Taking into account that we have two upper half plane
amplitudes connected by an open string propagator, we get a net factor of A2/ = ¢".

The leading contribution, associated with the exchange of the open string tachyon ¢;]0) =
¢(0)]0) with Lo = —1, is given by,

. 9 .

el ;—%(ewi)c(o»UHP : & : ;ﬂ<caV(i)c(0)>UHp . (9.58)
The two img; {ccV (i)c(0))ynp factors are the disk correlators describing the open-closed
interaction vertex, with conventions as in (9.5). The factor of g2 can be regarded either as
part of the propagator in the convention in which g2 appears as an overall factor in the
open string field theory action, or from the two open-closed string vertices if we normalize
the open string field so that kinetic term has no g, dependence. The —1 in the denominator
of the middle term is a reflection of the open string tachyon having mass? = —1. Using

(9.27) and (9.2) we have

(ceV (i)e(0))unp = % S (—2i) = —i % (9.59)
Using the relationship 1/(272¢2) = 1/g, [266, 287, 267, 288], we can simplify (9.58) to
2
o1 @

So we conclude that the exchange of the open string tachyon precisely cancels the divergent
contribution in (9.52).

Finally, we note that we could work with a more general choice of local coordinates w, w’
instead of (9.55), for instance w = lizz,w' = llez,, for some constant ~. In this case, the
tachyon exchange contribution will be modified, but there will also be an extra contribution
from the exchange of the out-of-Siegel-gauge mode ¢ multiplying the state icy|0). As in
[307], the sum of the two contributions, expressed as a function of €, is independent of the

choice of local coordinates w, w'.
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(a) (b) () (d)

Figure 9.2: The four Feynman diagrams that contribute to the annulus one-point amplitude.
The thick line denotes a closed string, while thin lines denote open strings. The x denotes
a vertex on the upper half plane, whereas ® denotes a vertex on the annulus. The variables
q1 and ¢y are the plumbing fixture variables associated with the corresponding propagators.
Figure reproduced from [307].

9.5 The annulus one-point function

This section is devoted to analyzing the annulus one-point function of the cosmological
constant operator V' and deriving the result g = 3 in (9.40) by directly integrating over the
moduli space.

We parametrize the annulus with a complex coordinate w = 27w (z + iy), with the flat
metric dwdw. As in Section 9.2, we let 27t be the Euclidean time in the open string channel,
which means that y is periodic with period t. We can fix the translation symmetry along
the y-axis by setting the y-coordinate of the vertex operator to zero. Thus, we are left with
a two-dimensional moduli space, labeled by v = e*™ and z. The range of v is 0 < v < 1.
The measure for v integration is proportional to dt or %, unlike % for the empty annulus in
(9.21), since the translation symmetry in the y-direction has been fixed. The open string has
length 7, so x spans the range 0 < z < % However, note that w — m—w is a diffeomorphism
of the annulus, since both boundaries lie on the same instanton. We need to quotient by
diffeomorphisms, and so the range of integration of x is in fact 0 < x < }1.

Recall that g;g is defined as the ratio of the annulus one-point amplitude to the disk
one-point amplitude. By general principles, we have’

Lo ab [t I
gs g :/ dv/ dz F(v, x) :gsa/ dv/ da Tr [V (w, @) by cov™~] . (9.61)
0 0 0 0

The nontrivial proportionality constant in the final expression is determined in the next
subsection. The coordinate w should not be confused with the local coordinates around the
punctures for which we use the same symbol.

The integral (9.61) has divergences for small v and small z. As explained in detail
in [307], we need to interpret the contributions from these regions as string field theory
Feynman diagrams with internal propagators. These Feynman diagrams are shown in figure

"See, for example, section 7.3 of [265] for the analogous statement for the torus amplitude with external
closed string states.
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9.2 and the corresponding regions in the moduli space are shown in figure 9.3. The Feynman
diagram (d) represents the contributions from the “bulk” of moduli space where there is no
degeneration. Feynman diagram (c) has one internal propagator and corresponds to small
v with finite . Feynman diagram (b) also has one internal propagator, but corresponds
to small x with finite v. Finally, Feynman diagram (a) has two internal propagators and
corresponds to small v and small x.

Normalization of the worldsheet contribution to the annulus
one-point function

The goal of this appendix is to derive the proportionality constant in (9.61), and also to
write precise expressions for the small-v and small-z behavior of the integrand.
Recall that we can write gsg as

gsg—/ dv/ dz F (v, z) with (9.62)
F(v,z)=C Tr [ W) by co v 1} . w = 2m(x +iy), (9.63)

where C' is the normalization constant that we want to determine. Recalling the argument
near (9.92), we can also write F'(v,z) as

C
1672b

F(v,z) =0,G(v,z), G(v,z):= Tt [0,0(w, W) by co v . (9.64)
Our strategy for determining C' will be to compare the integrand to the contribution from the
Feynman diagram in figure 9.2 (a) for small v and small . We would also like to compute
G(v,z) and F(v,z) in the regions of small v or small = (with the second variable being not
necessarily small).

Recall that w is the coordinate on the strip 0 < Re [w] < 7, with Re [w] = 27z. We can
map this to the upper half plane by the map z = €. The annulus is obtained from this
via the identification z = vz. The transformation of d¢ is given in (9.18), with a similar
transformation for 9¢. We get

Opd(w, W) = i% +120,0(2, %), (9.65)
(0, T) = —1% — 120:0(2,7). (9.66)
Thus, for small , we can use the bulk-boundary OPEs (9.25), (9.26) to get

026w, ) = 2m(Duwd(w, T) + Bu(w, W) = 2 (20.6(2, Z) — 20:0(2, 7)) ~ _% (9.67)
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The definition of G (v, z) in (9.64) now gives
Q 1 o1 Q 1 Z)

~—-C— T 0T = — .

G(v, ) C b Tonis [bo co ™! C b T6ms o (9.68)
Q 1 Z[)

F ~(C— .

(v,z) = C b 1622 o (9.69)

Here Z(v) is the annulus partition function, given in (9.22).

Next, we consider the small-v, finite-x region. We can evaluate this correlation function
by separating out the matter and ghost contributions. In the ghost sector, the leading and
subleading contributions to the trace are as in (9.23). In the matter sector the leading and
subleading contributions for small v come from just the vacuum state |0). Therefore

Tr [0, (w, @) by cov™ ™| & (v — 207" + O(1)) (00,9 (w, w)|0) for small v. (9.70)

Since we do not have a trace in the Liouville sector, we no longer need the identification
z =wz. Using (9.65) and (9.66), and (9.6(2,%))unp = — 2= as given in (9.28), we get

z2—Z

z2+Z

(0]0,0(w, w)[0) = —127Q o —27Q cot(27x) . (9.71)

Thus, from (9.64), we get
G(v,z) ~ —C %(U_Q — 207t + O(1)) cot(27) (9.72)
F(v,7) ~C % (v =20+ 0(1)) m for small v . (9.73)

We shall now fix the constant C' by comparing (9.69) or (9.73) with the result g(@ of the
Feynman diagram in figure 9.2(a), which corresponds to small v and small z. For this, we
first rewrite F'(v,z) in the (q1, ¢2) coordinates using eqs (4.73) and (4.81) of [307] for small
v and small z:

42 a1
VR —, r=—=. 9.74
o 2mA ( )
This yields N
1 dvd Ao dgo d
F(U,x)dvdx%C’Q v x%CQ @ SRl (9.75)

b 1672 0222

The Feynman diagram of figure 9.2(a) can be analyzed as follows. The leading contribu-
tion for small v and small z comes from the propagation of the open string tachyon along
both propagators, producing the factor [ dgs gy 2dq; ¢ 2. Since the tachyon vertex operator
¢ is a primary of dimension —1, the open-closed and open-open-open interaction vertices
produce factors of A\ and o?, respectively. The three open string vertex produces a factor of

b 87 ¢ ¢



CHAPTER 9. THE ZZ ANNULUS ONE-POINT FUNCTION IN NON-CRITICAL
STRING THEORY 184

the open string coupling constant g,. The ratio of the open-closed vertex (9.5) to the disk
one-point function (9.4) is given by

i <C(O)_CE(1)>UHP — g
}1((80 - aé)cé(i))UHp ?

The factor of g, arises due to the presence of the extra open string. We have evaluated the
ghost correlators using (9.2). Putting all the factors together we get the following result for

959\
dgs d dgs dg; Aa?
gsgm):/ 2 Aoy 52 :/ & Cn Ao (9.77)
QQ Q1 Q2 Q1 27

9o (9.76)

In going to the second expression, we have used A = A, and also the fact that 1 /(2m%g?) =
1/gs [266, 287, 267, 288]. Comparing (9.75) and (9.77), we get,

4b
C=—ys. 9.78
0 (9.78)
Plugging this value of C' into (9.63) and (9.62), we get the desired result (9.61).
For later use, we also rewrite (9.68), (9.69), (9.72) and (9.73) using (9.78):
Glo.2) ~ —g—j; C(;t(g)%r:c) {v72 -2+ 0(1)} for small v (9.79)
— 15 for small x .
2207+ 0(1)} f 11
F(U,ZE) ~ sin? 27rg() {U + ( )} or small v (980)
e for small x .

Brief review of the construction of vertices

Before diving into the computational details, we give an overview of the construction of the
various vertices that we will need. We will be brief since all the details were explained in
[307].

We will discuss the five different types of vertices that appear in figure 9.2: (1) the upper
half plane C-O vertex, (2) the upper half plane O-O-O vertex, (3) the upper half plane
C-0-0 vertex, (4) the annulus O vertex, and (5) the annulus C vertex. Here C and O stand
respectively for closed and open strings.

The C-O vertex is described by the upper half plane geometry with complex coordinate
z. The closed string puncture is inserted at z = i and the open string puncture is inserted
at z = 0. There are no moduli. The local coordinate w around the open string puncture is
taken to be w = Az, with A being a large, fixed real number.

The O-O-0O vertex is described by the upper half plane geometry. Let’s again denote
the complex coordinate on the upper half plane by z, with the three open string punctures
inserted at 2z = 0, z = 1 and 2 = oo. There are no moduli, but in computing a physical
amplitude, one needs to sum over the two distinct cyclic permutations of the three points. Let
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a be another large, fixed real parameter. The local coordinates around the three punctures
are chosen to be
2z 2(z—1) 2

= =qg—~2 = . 9.81
w1 a2_27 W2 « Z+1 ) w3 « ( )

Next, we discuss the C-O-O vertex, which appears in figure 9.2(c). The C-O-O amplitude
on the upper half plane has a one-dimensional moduli space, and provides an example of how
the boundaries of moduli space are assigned to Feynman diagrams with internal propagators.
Denoting the complex coordinate on the upper half plane by z, we insert the closed string
puncture at z = i and the two open string punctures at z = +f3. Here 3 is a positive
real number that can be taken to be the coordinate on the one-dimensional moduli space.
The PSL(2,R) transformation z — —1/z keeps the puncture at z = i fixed, but sends
B — —1/B. So we can restrict § to lie in the range 0 < < 1, while summing over the
two permutations of the two open string punctures. The region of small 5, when the two
open string punctures collide, is covered by the Feynman diagram that consists of an upper
half plane C-O vertex (with coordinate z) joined to an upper half plane O-O-O vertex (with
coordinate Z) with an open string propagator. The joining happens via the plumbing fixture

relation Az - oz% = —q1, with 0 < ¢; < 1. Now define

A=\, (9.82)
The open string puncture at z = 1 gets mapped to z = —;1—/1\, while the one at zZ = oo gets
mapped to z = +S_§\- Thus, we see that § = g—}\. Since the range of ¢; is 0 < ¢; < 1, we

see that this Feynman diagram covers the region 0 < § < i Note that A is large, so this

is the region of small 3, where the two open-string punctures are close to each other. The
upper half plane C-O-O vertex is then assigned to cover the remaining region % <pB <1
For the range 0 < § < %, the local coordinates around the two open string punctures are
induced by the choice of local coordinates in the C-O and O-O-O vertices described above.

For the range i < B < 1, we need to pick a choice of local coordinates that, at f = %,
match the ones from the § < % region. The choice made in equation (4.12) of [307] involved
a real-valued function f(f) that is only constrained by the following

1 4)2 -3
) -5t fw=0 fn =0 (9.8
From now on, we shall work in the limit of large o and X and ignore terms that are suppressed
by inverse powers of either v or A. Of course, the final result is guaranteed to be independent
of a, A and the function f(f).

Next, we discuss the vertex that corresponds to one open string puncture on the annulus.
This appears as one of the vertices in figure 9.2(b). There is one modulus, the quantity
v defined in (9.20). The full range of v is 0 < v < 1. As discussed in [307], the region
0<wv < (a?— %)_1 of small v corresponds to the upper half plane O-O-O vertex with
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Figure 9.3: The division of moduli space of the annulus with one bulk puncture into four
regions corresponding to the four Feynman diagrams in figure 9.2. The green region describes
the Feynman diagram in figure 9.2(a) and is given in (9.84). The red region describes the
Feynman diagram in figure 9.2(b) and is given in (9.86). The blue region describes the
Feynman diagram in figure 9.2(c) and is given in (9.88)-(9.90). The remaining yellow region
describes the Feynman diagram in figure 9.2(d), and covers the bulk of the (v,2) moduli
space. We have taken \ = 4, o = 2 and f(B) = ‘?;—‘_?6(1 — B?) for the purposes of plotting
this figure.

two of the three open string punctures joined with a propagator. The remaining range
(a2 - %)_1 < v < 1 is assigned to the annulus O vertex. The choice of the local coordinate
around the open string puncture has been described in [307].

Finally, we come to the C amplitude on the annulus. As already explained, in this case
there is a two-dimensional moduli space parametrized by v and x. We need to divide this
moduli space into four regions [307], which correspond to the four Feynman diagrams in
figure 9.2. See also figure 9.3. The Feynman diagram in figure 9.2(a) corresponds to the

region (shown in green in figure 9.3)

1\ <, 2—
0<v<(a?==) , 0<2me<itiY (9.84)
2 240
with (v, z) related to the plumbing fixture variables (¢, ¢2) as
72 @\t ¢ 2

The plumbing fixture variables always vary in the range [0,1]. The Feynman diagram in
figure 9.2(b) corresponds to the region (shown in red in figure 9.3)

1\ 3
(a2 - 5) <v<l, 0<2rz <A '(1-a?), (9.86)
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with z related to the plumbing fixture variable ¢; as

o = q—; <1 - i) . (9.87)

a2

The Feynman diagram in figure 9.2(c) corresponds to the region in the (v, z) plane parame-
terized as

-2
%gﬁgl, 0§u§a‘2(1+$> ,  with (9.88)
_ U 3
om(f,u) = 2 tan~(8) — pe (1 L 25f(ﬂ))\> and (9.89)
(1+p5%)?

v(B,u) =u

U 9 ) 2
T < T (1 3 2ﬁf(6))\) ) . (9.90)
The parameter u is related to the plumbing fixture variable ¢o via v = gua™2(1 + ﬁ)_z.
Note that this corresponds to small v but finite x region, and is shown in blue in figure 9.3.
The Feynman diagram in figure 9.2(d) covers the remaining (v, ) region, not included in
the three cases above; it is shown in yellow in figure 9.3.

We will need to integrate a total derivative on region (d), and so we need to discuss the
boundaries of region (d). There are four boundary components, see figure 9.3. The boundary
between regions (d) and (b) lies at fixed z = (27rA)~'(1 — a~2) and is parametrized by v in
the range given in (9.86). The boundary between regions (d) and (c) is parametrized by § in
the range given in (9.88), with fixed u = a (14 53) % and z, v given by (9.89), (9.90). The
top boundary lies at z = 1, with (Aa)2(1+ r/l\Q)’Q < v < 1. Finally, the right boundary lies
at v =1 with 27\ (1 —a?) <z < 1.

We end this subsection with a couple of important remarks. First, in doing the compu-
tations, we will be expanding various expressions for large o and large A In doing so, we
can drop all terms that contain negative powers of either variable « or 5\, since these cannot
contribute to the final answer [307]. The reason is that the a and A dependent terms are
supposed to cancel in the end, and if a term contains a negative power of one large variable,
there is no way for it to give a a and X independent term at higher orders. Second, for
diagrams that contain an internal propagator, we need the string field theory replacement
rules [307]

1 1
/ dgqg? — -1, / dgqg ' —0. (9.91)
0 0

Here ¢ is the parameter that enters in the plumbing fixture relation. The first replacement
rule comes from the formal Schwinger parameter representation of the propagator of a field
with Ly = —1. The second replacement rule comes from the fact that the Siegel gauge zero
modes are not part of the SF'T path integral. They are replaced by the v field that multiples
ico|0), and the contribution of ¢ exchanges is taken into account separately.
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The worldsheet contribution

In this subsection, we will compute the worldsheet contribution to g. There are two other
contributions, which we shall compute in the subsequent subsections.

Let us begin by computing the contribution from the “bulk” region of moduli space,
corresponding to the Feynman diagram in figure 9.2(d). Let us denote the region of the
(v, x)-plane covered by this diagram by S. We choose S to have the orientation given by the
two-form dv A dz. We use the equation of motion (9.17) with gz = 1 to replace V in (9.61)
by $0u0z0, or 1555 (02 4 02)¢. The 0;¢ term does not contribute, since the transformation
that moves the vertex operator insertion in the y-direction is a simple translation for which
the anomaly term in the transformation of d¢ (9.18) vanishes. Thus

1
472Q)

(d) _

g / dv dz 9, Tr [9,¢(w, W) by cov™ 7] = ¢! / dvdx 0,G(v,x), (9.92)
S

where G(v, x) has been defined in (9.64), (9.78). Since the right hand side of this equation

is a total derivative, the computation reduces to integrating Tr [&E(b(w, w) by co vLO_l} along

the boundary of S.

The boundary of S has four components, as discussed at the end of the previous subsec-
tion. The top boundary at x = % does not contribute since the symmetry w — 7 —w implies
that (0,¢(w = §))annuus = 0. There are no divergences at the v = 1 boundary, and since we
are integrating 0,(...) on S, via Stokes’s theorem, this boundary also does not contribute.
So we only need to consider the two remaining boundaries: the boundary between regions
(d) and (c), and the boundary between regions (d) and (b).

Let us first consider the boundary between regions (d) and (b), and denote the contri-

bution as ¢®(@. This boundary lies at constant small x, namely z = 1;§ 2, with v lying in

the range given in the first part of (9.86). The small-z, finite-v behavior can be found from

(9.79) and yields,

1~ ! Z
gD = — X (1-— a—2)—1/ dov ©) ) (9.93)
(

2T aQ—%)—l v

We could evaluate this using the known form of Z(v), but we note that this contribution
will be exactly cancelled by the contribution ¢ of the Feynman diagram in figure 9.2(b).®
Physically, this happens because there are no Ly = 1 states in the Liouville open string
sector that can leave an order-one contribution, and because the relation between x and ¢;
in (9.87) is linear. More precisely, to evaluate the Feynman diagram in figure 9.2(b), we use
the second line of (9.80), write z in terms of ¢; using (9.87), and use the replacement rule
I % — —1.

Now let us consider the boundary between regions (d) and (c), and denote the contribu-
tion as ¢ As discussed at the end of the previous subsection, the boundary between

8This is analogous to a similar argument made in appendix D of [307].
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regions (d) and (c) is parametrized by (v(8,u),z(8,u)) given in (9.89) and (9.90), with
5 < B < 1andu fixed to be u = a (1 + 35) 72 Let us denote (9.89) and (9.90) with this
fixed value of u by (v(8),z(/3)). Since v is small along this boundary, we need to understand
the small-v behavior of G(v, ). This has been given in (9.79), using which we get

1
g @ — 5 dv (v — 2v™ 1) cot(27z) (9.94)
T
with the direction of integration being the direction of increasing 3, that is, upwards along
the boundary of the blue and yellow regions in figure 9.3. To do the integral in (9.94), it is
helpful to first rewrite it as

1/t 0
@@ _ 1 9
7 T (Zhldﬂgwg(v(ﬁ)1‘+210g00ﬂ)coﬂ2ﬂiﬂﬂ)~ (9.95)

Then carrying out the integrations using the known expressions for v(5) and z(/3) given
above, we get

@@ _ N’ BA a® 20 T T8 ] (9.96)
4 T 4T 8 T Joxn-r 1 Hp2 2 '

Now, let us evaluate the contribution from the Feynman diagram in figure 9.2(c). This
diagram corresponds to small v but finite z, the precise domain has been specified in (9.88)-
(9.90). Using (9.89) and (9.90) we get the transformation of the measure

1+ 52
dvdx = (47Tﬁ2/~\2 + O(u)) dg du, (9.97)

and so, using (9.61) and the first line of (9.80), we have

4O /1 05 /a—2(1+(4x'z)—1)—2 " ( 1+ 52 N O(u)) o (072 — 2071 + O(Y))
(23)-1 0 4 322 sin?(27x)

1\?% /! A2 a?X?  a?\ a2
—>—2(1+T>/ d ~— + - —. 9.98
@ A)2 (20)-1 g m(1+ 5?) 4 2r 8 (9.98)

In the second step, we used (9.89) and (9.90), replaced u by ga™2(1 + ﬁ)_Q, applied the
replacement rule (9.91) for the plumbing fixture variable g9, simplified a bit and ignored
terms containing inverse powers of either o or \. The O(u) term from the measure can
combine with the v=2 term to give an O(1) expression proportional to [du/u = [ dgz/go,
but this is set to zero using the replacement rule (9.91).

The contribution from the Feynman diagram in figure 9.2(a) can be obtained by using

the expression for F'(v,z) in (9.80) for small v and small z, rewriting the answer in terms of
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— O =0

(a) (b)

Figure 9.4: The two Feynman diagrams involving the loop of the out-of-Siegel-gauge mode
¥. They both involve the upper half plane C-O-O amplitude; (a) corresponds to small [
while (b) corresponds to finite 5. Figure adapted from [307].

the plumbing fixture variables ¢; and g, using (9.85), and then using the first replacement
rule in (9.91) for both ¢; and g,. We get
NONES P (9.99)
2
Putting together all the Feynman diagrams in figure 9.2 using equations (9.99), (9.98),
(9.96), and the fact that g 4 g®-(9 = 0, we get the total worldsheet contribution to g as

Gus = 9 1 g 1 g© 4 (0D 4 gl (9.100)
1 3% 232 /! f(B)?

=_ - - d . 9.101

2 4r T /(2}:)—1 P 1+ 32 ( )

Contribution from v exchange

Since the two Siegel-gauge zero modes get replaced by the out-of-Siegel gauge mode v that
multiplies the state ico|0) = i0¢(0)]|0), we need to take into account the contribution from
the diagrams involving v propagators explicitly [307]. This is a contribution that is not
captured by the string worldsheet.

As mentioned in Section 9.4, the one-point C-O disk amplitude with one on-shell closed
string and the open string puncture corresponding to 1 vanishes. So, we only need to consider
the two Feynman diagrams shown in figure 9.4; they are analogous to figure 9.2(a) and 9.2(c).
Both diagrams involve an upper-half-plane amplitude with one closed string puncture, and
two open string punctures joined with a ¢ propagator. Following the discussion of the upper
half plane C-O-O amplitude, we see that the region 0 < 5 < % corresponds to figure 9.4(a),
while the region % < 8 <1 corresponds to figure 9.4(b). As earlier, the ¥ propagator equals
% in our conventions.

The geometry of the upper half plane C-O-O amplitude has been discussed earlier. We
represent the upper half plane with complex coordinate z, insert the closed string puncture
at z = 1 and insert the two open string punctures at z; = —f and 2o = . Let w,, with
a € {1,2} denote the local coordinates around the two open string punctures, which we
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relate to z as
1
2= Fy(wg, B) = 20 + gu(B)wa + 5ha(ﬁ)wg +O(w?). (9.102)

The actual amplitude, normalized to directly give the contribution to g, is given by [322,
323, 324]

= —Kl/dﬁz ]{ 57?1 aa}; 2)F} 010¢(0) Fy 010¢(0) ceV (i))unp , (9.103)

where ¢ represents an anticlockwise contour around z,, and F,0idc(0) denotes the conformal
transformation of the operator idc by the function Fj,. The constant K is a normalization
constant that we determine in the next subsection by comparing the right hand side of
(9.103), with ¢ replaced by the tachyon, to the result for either figure 9.2(c) or 9.2(a), which
were given in (9.98), (9.99). The result is K; = 27if’Q. This includes the contribution of
the ¢ propagator. The [ integral captures the effect of the Schwinger parameter integral
associated with the horizontal open string propagator in figure 9.4(a), and the intrinsic
integration parameter of the C-O-O vertex in figure 9.4(b).
Explicitly, the local coordinates around the open string punctures are [307]

26 g

Fatus, ) = 54+ Py + D+ O(wi) (9.105)

for0<ﬁ< , and

NA+4) 16X+ BB+ A(B)

_ 3

Fi(wy, ) = -5+ a2 1 1) 1 2 1 1) wi + O(wy) (9.106)
_ g M) 1A+ BB+ AM(B) 3

Fy(we, B) = B+ N7SCH 1)w2 + P 1) w; + O(wy) (9.107)

for 7 < 8 <1
The evaluation of g, given in (9.103) involves simplifying the right hand side using the
bc OPE, the explicit form of the local coordinates given above, and using (9.2) and (9.27) to

calculate the correlator. Using K; = 5 Q, we find
A 2N ! F(8)?
=—+— d . 9.108
W= T /(QX)_l p 1+ B2 ( )

The first term is the contribution from the Feynman diagram in figure 9.4(a), and the second
term is the contribution from the Feynman diagram in figure 9.4(b).
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Normalization of the 1 exchange contribution

Our goal in this subsection is to compute the normalization constant appearing in (9.103).

The strategy to determine K is to compute the Feynman diagram in figure 9.4(b), but
with the tachyon running in the loop instead of the 1 field, and compare the result with
(9.98). Recall that figure 9.4(b) corresponds to % < B < 1, in which the two open string
punctures are not close to each other. Evaluating the Feynman diagram in figure 9.4(b) with
the tachyon in the open string loop requires evaluating the right hand side of (9.103) with
two ¢ operators instead of the two i0c operators. The propagator of the tachyon field equals
—1 in our normalization as opposed to 1/2 for the i propagator. This yields

! dz OF,
© = ——a o o cV (i
g0 =2k, /m)_ldﬁ > ]{ s PR 0 c0) FoocO) oV ()ume (0109

iQ 5y 1 )/ g
=2K —aoa* |1+ — . 9.110
' ( @n-1 1+ 57 ( )

To get to the second line, we used the bc OPE, the explicit form of F, given in (9.106),
(9.107), and the correlators (9.2), (9.27). Comparing (9.110) to the first expression in the
second line of (9.98), we find

b
Q-

We can find the same result if we study the figure 9.4(a) with the tachyon running in the
loop and comparing the result to (9.99).

(9.111)

1

Gauge parameter redefinition

Finally, we also need to take into account the relation between the string field theory gauge
transformation parameter 6 appearing in (9.24) and the rigid U(1) transformation parameter
0 under which an open string with one end on the instanton picks up a phase €. The gauge
transformation parameter 6 is the one that multiplies the vacuum state i|0). Once this
relation is found, we can evaluate the denominator of (9.24) using the fact that 0 has period
2.

In order to study the gauge transformation properties, it is useful to introduce a spectator
instanton. A fundamental property of the BV formalism is that the gauge transformation

laws are encoded in the coupling terms in the master action. Let & be the field that multiplies

0 0

conjugate anti-field £* has the vertex operator cdcd?c/2 and carries the Chan-Paton factor

((1) 8) Let 15 be the field that multiplies the vacuum #|0) but with Chan-Paton factor

the vacuum |0) in the expansion of the string field with Chan-Paton factor <0 1>. Its
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q2 : q2
q1 q1 é g
(a) (b) (c) (d)

Figure 9.5: The four Feynman diagrams that contribute to the C-O-O-O amplitude. This
is needed to evaluate the field-dependent relationship between the string field theory gauge
parameter and the rigid gauge parameter that rotates the phase of an open string field with
one end on the instanton. Figure adapted from [307].

0 0
following term in the SFT path integral [307, 257]:

exp(igo 6 a) - (9.112)

This coupling determines the infinitesimal gauge transformation of £ to be 6§ = ig,0¢ and,
in turn, gives the relationship between 6 and @ to be df = g, 'df. This is needed for a precise
computation of the one-loop normalization factor (the exponential of the empty annulus)
that accompanies D-instanton amplitudes [257].

However, we are working at the first sub-leading order in g,, and the relation between ¢
and 6 could receive corrections that are, in general, field-dependent. Let ® be the tachyon
field that multiplies the cosmological constant operator V' in the expansion of the string field,
and let i4 be the C-O-0O-0O disk amplitude with the closed string insertion being ® and the
three open string insertions being &, £* and 1. Following [307], we note that this leads to

(1 0). Computing the trilinear coupling of {-£*-1)9 using the correlator (9.2), we find the

the following field-dependent relationship between 6 and 6:
df = g, (1 + AD)do. (9.113)

Substituting this in the denominator of (9.24), and writing (1 + A®) ~ e?, we see that the
path integral contains the extra term exp(.A®). This leads to an additional contribution to
the one-point function of ® proportional to .A. Since this is of the same order as the annulus
one-point function, after dividing it by the disk one-point function and g, we can interpret
this as an additive contribution to g proportional to A, which we call gghost-

So, now we turn our attention to the computation of ggnest. The upper half plane C-O-O-
O amplitude has two real moduli. We insert the cosmological constant operator at z = i, and
the three open string vertex operators I, %080820, I are inserted at 21, 2o and z3, respectively.
We only consider one cyclic ordering of I, %c@c@gc, I, which is the order in which we just
wrote them. The other cyclic ordering vanishes due to the trace over the Chan-Paton factors.
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Up to permutations of the external legs, there are four Feynman diagrams contributing to
this amplitude; they are shown in figure 9.5.

Let ;1 and (5 be the coordinates on the moduli space, and denote ﬁ = (p1,52). This
means that the locations 27, 29, 23 of the open string punctures are functions of 5’ Let the
local coordinates wy, wq, w3 around the three punctures be related to the UHP coordinate z
via

- - -, -

2= Fo(wa, B) = fu(B) + ga(B)ws + §ha( w2 + O(w?). (9.114)

Then, by the general rules of [322, 323, 324], we have

Jghost = K3/d51/\d62< {Zf 2d;1 ggl }

{Z]{Qd; ggz } {%caca%(@)} cEV(i)>, (9.115)

where we used the fact that all three open string insertions, being dimension zero primaries,
are unaffected by the conformal transformations F,. The constant K3 is a constant of
proportionality that will be explicitly computed in the next subsection but the result is
Ks = —i 9 Using (9.115) together with (9.114), the be OPE, and equations (9.27), (9.2),
one ﬁnds

ghost _— / 1 + f2 3dh2 A\ dg2 — 2fgg;2dh2 A df2 -+ (2f2h2953 + 29;1>dg2 A\ dfg} .
(9.116)

Note that only (fs, g2, ha) appear in the above expression since the insertions at z; and z3
are the identity operator.

Next, we note that the two-form that appears in (9.116) is exact, and so gghost can be
written as

1
Jghost = _%/dj (9117)

_ 1 1
J = —fog5 'dgo — =(1 + fz)h292 *dgs +

> (L4 f5)gs*dhs + dfs —

2
dfy. (9.118
T AL
The final two terms vanish when we compute dJ, but they are necessary. The df; term
has been chosen so that J is invariant under the PSL(2,R) transformation z — Z=% that

14cz
keeps the closed string puncture at the point z = i fixed but moves the three open string

9Integration over 3; and B includes integration over the Schwinger parameters of all the propagators
appearing in figure 9.5, so unlike in the case of K; appearing in (9.103), we do not need to include any
propagator factors in the definition of K3.
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punctures. This ensures that there are no special contributions from the region of moduli
where the open string punctures go to infinity along the real axis. The final term in (9.118) is
PSL(2,R) invariant by itself and has been chosen so that the contraction of J with the vector
(8f2,0G9, 0hs) = (14 f2,2f292, 2g5+2 fohy) that generates the above PSL(2, R) transformation
vanishes. This final term was missing in the analysis of [307]. Without this term J will not
be a well-defined one-form in the two-dimensional moduli space parametrized by (i, 82, and
we cannot apply Stokes’s theorem to evaluate the right hand side of (9.117) as a boundary
term.

Let us elaborate a bit more about this point. One could fix the PSL(2, R) transformation
above by working with local coordinates such that, say, fo = 0. We can do this by making
the transformation z = 1= f2z Applying this transformation to (9.114), we find the new local
coordinate around the second puncture to be

~ 92 Lhy+ hofs —2fog5 5 _ I~ 5
S T f2 Wy =+ 2 1+ f2)2 w; + O(wy) =: gaws + §h2 wy + O(wy),  (9.119)

where the last equality serves to define the quantities go and h2 In this ‘gauge’, both the
terms proportional to de in (9. 118) drop out and one gets J = —= h292 Sdg, + 1 52 2dh,.

Now, using the definitions of g, and &, from (9.119), we can transform back to the ( fg, g2, h2)
variables, and one finds (9.118).

The benefit of using (9.118) is that since all the open string punctures are treated in the
same way, the three different orderings of the open string punctures on the real line (preserv-
ing the cyclic ordering) that need to be summed can be obtained by a simple permutation
of the labels. We have checked that using the gauge-fixed form of J and summing over the
three orderings gives the same final answer.

Normalization of the C-O-0O-O amplitude

In this appendix, we determine the normalization constant K3 appearing in (9.115). Our
strategy to determine Kj is to study the Feynman diagram in figure 9.5(c), but with all three
open string insertions being the tachyon field, with Chan-Paton factors kept the same as in
the previous subsection. The consistency condition between two different ways of computing
this diagram will yield the value of Kj3. Let us denote the amplitude computed using (9.115)
with all the external states taken as ¢ by Av, and let Avc denote the contribution to this
amplitude from figure 9.5(c) (with just one of the three possible assignments of the external
operators to the external legs).

First, note that figure 9.5(c) with the internal propagator also being the tachyon, is the
product of three factors: the C-O-O amplitude (with the closed string puncture being V
and the two open string punctures being tachyons), the tachyon propagator, and the O-O-O
three tachyon amplitude. The product of the C-O-O amplitude and the tachyon propagator
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appears also in figure 9.2(c) and is given by (9.98).1° The O-O-O tachyon vertex can be
computed using the local coordinates in (9.81) and the ghost correlator in (9.2) to be a®. So

we find
~ 1 - 1\? [t dg
A, = —=)\%° (1+—> / — 9.120
™ A2) Jen 1+ 582 ( )

The second way of computing this amplitude is to start with the expression analogous
0 (9.115). Using F, o ¢(0) = g, 'c(2,), we get the following expression:

~ . [ dz OF, dz OF,
A:Kg/dﬁl/\d52<{;7§%@51 }{ZfQﬂ'laﬁz }

% (g19293) te(z1)c(22)c(23) cEV(i)>

— ok [(ngmg) [+ £ A+ (1 ) At (14 ) AR A,
(9.121)

We used the bc OPE and equations (9.2), (9.27), (9.114) to get to the second line. Let us
use this expression to evaluate A.. Using the explicit form of f,, g, and h, suitable for the
region corresponding to figure 9.5(c) given in equation (D.24) of [307], we find

~ 1\ [ d 'q
A= 12%[( 22%0° (1+—2) / : b [ de (9.122)
4\ en-11+6% )y @
iQ - 1\? [t dg
— ——2 K3 \aP (1 + —) / — 9.123
b’ 4X2) Josy-1 1+ B2 ( )

where we used the replacement rule fol ‘% — —1 for the plumbing fixture variable ¢y ap-
2

pearing in the internal propagator in figure 9.5(c).
Comparing (9.120) and (9.123) we get

Ky=——. (9.124)

The C-0O-0-0O amplitude contribution

We now turn to the computation of the four Feynman diagrams in figure 9.5. The correspond-
ing regions in moduli space are shown in figure 9.6. Except for the overall normalization and

10Note that (9.98) includes division by g, and the disk one point function; so the normalization of the
amplitude determined this way directly yields the contribution to g.
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Z3

Z4

Figure 9.6: The regions of moduli space of the C-O-O-O amplitude (with a fixed cyclic
ordering) corresponding to the four Feynman diagrams in figure 9.5. For this figure, we have
set the location of the second puncture zo = 0. The green region corresponds to figure 9.5(a),
the red region to figure 9.5(b), the blue region to figure 9.5(c), and the bulk of the moduli
space, shown in yellow, corresponds to figure 9.5(d). The chosen cyclic ordering (2,0, 23)
gives rise to three linear orderings, namely, z; < 0 < 23, 0 < z3 < 27 and 23 < z; < 0, which
can be clearly identified. The same color is used to label different regions of the moduli space
related by cyclic permutation of external open string states.

the last term in (9.118), the analysis is identical to that in appendix D of [307]. Therefore
we shall be brief.

The Feynman diagrams in figure 9.5(a) and 9.5(c) vanish. This is because, given the
choice of the three open string vertex operators, neither the tachyon nor the out-of-Siegel
gauge mode 1) can propagate along the propagator labeled by ¢, in figure 9.5. The propaga-
tion of other Ly = 0 Siegel gauge states are prevented by the replacement rule (9.91), and
contributions from the Ly > 0 states are suppressed in the limit of large A and «.

Since the integrand in (9.117) is a total derivative, we can evaluate the Feynman diagram
corresponding to the bulk of moduli space, i.e. figure 9.5(d), via Stokes’s theorem. This
region shares one boundary with the region corresponding to figure 9.5(b) (the yellow-red

boundary in figure 9.6), and one boundary with the region corresponding to figure 9.5(c)
(0)-(d)

(the yellow-blue boundary in figure 9.6). Let us denote these two contributions as Jahost

(d)

<t » Tespectively.

and ggfl);
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Next, we observe that [307]

Ghtoss + Iipost = 0 (9.125)
This is because if we denote the relevant part of the [ dJ in region (b) as [ gy 2dg; A f(7)dr,
where 7 is the modular parameter in the O-O-O-O vertex, then our choice of J gives [ J =
[ f(7)dr from the (b)-(d) boundary.'’ Evaluating the contribution from figure 9.5(b) using
the replacement rule (9.91), we get — [ d7f(7), which cancels the contribution of [ J from
the (b)-(d) boundary. This is similar to the cancellations we saw when we computed the
worldsheet contribution.

Thus the only contribution to genest comes from ggl?(;éf ). This is the boundary between
the yellow and blue regions of figure 9.6, which consists of six segments. Each of these six
segments lies at g = 1 and can be parametrized by the quantity § that appears in the
definition of the C-O-O vertex in the range % < B < 1. Explicit expressions for fs, go
and hy for each segment can be found in equations (D.24)-(D.26) of [307]. Apart from the
normalization constant discussed above, the only change compared to [307] is due to the final

term — fji];% in the one-form J (9.118). This term precisely cancels the O(1) contribution to
2

Jehost 111 [307]. The conclusion is that

_o@_ L 5[ g~ A
g = 95080 =LA [ as )= 5 (9.126)
We have added together the contribution from the six boundary segments and used (9.83)
to get to the final expression. i

For comparison, note that the result of [307] was gghost = % — % With the modification to
J that we have discussed, the function g(w) computed in [307] will have an extra contribution
+%. This precisely resolves the mismatch with the matrix model results of [25, 310].

Final result and remarks

Adding together the worldsheet contribution (9.101), the ¢-exchange contribution (9.108),
and the contribution (9.126), we find

9 = Gws T gy + Jghost = (9127)

1
2 )
in perfect agreement with the general prediction (9.40).
As already mentioned, if we use the corrected form of J in (9.118) for the computation in
[307] of the annulus one-point function in ¢ = 1 string theory, we also find a perfect match

UThis was verified in [307] for the choice of J in which the last term in (9.118) was absent. We have
checked that the extra term does not affect the result. This is a consequence of the fact that, for figure
9.5(b), all the open string vertex operators remain close to the origin of the UHP, and hence the change in
f2 along the (b)-(d) boundary is small for large A and .
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with the results of Balthazar, Rodriguez, and Yin [25, 310]. In the notation of [307], this
would mean that A, = 0.

We conclude this article with a remark about the quantity C' = C in (9.37), which
represents O(gs) corrections to the instanton action. Corrections to this order have been
computed in one-matrix integrals [282, 283]. It would be interesting to compute this quantity
directly from the worldsheet of the (2,p) minimal string and check that it agrees with the
prediction from the dual one-matrix integral. The main technical challenge seems to be
that the moduli spaces of the relevant Riemann surfaces, the disk with a handle, and the
three-holed sphere, are three-dimensional, which is one higher than the ones that we have
analyzed.
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