Quantum Gravity:

From Black Holes to Matrix Models

Kento Osuga

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Physics
University of Alberta

(©Kento Osuga, 2019



i

Abstract

In this thesis we aim to reveal characteristics of quantum gravity mainly from two different
perspectives. In the first part we focus on quantum aspects of black holes, in particu-
lar, the firewall paradox and nonlocality of quantum gravity. We present an explicit toy
qubit transport model for unitary black hole evolution such that the gravitational field is
described by nonlocal qubits with the assumption that the radiation still interacts locally
with these nonlocal qubits. The model does not have firewalls at the event horizon, yet
captures qualitatively what is expected, and it avoids a counterargument raised for subsys-
tem transport models. Furthermore, it fits the set of six physical constraints that Giddings
has proposed for unitary models of black hole evaporation. From a different point of view
towards quantum gravity, in the second part of the thesis, we next consider supereigenvalue
models in the Neveu-Schwarz sector and their recursive structure. We present a formalism
that recursively computes all correlation functions of supereigenvalue models by using the
Eynard-Orantin topological recursion in conjunction with simple auxiliary Grassmann-valued
polynomial equations. Finally, we propose a more general supersymmetric recursive formal-
ism, what we shall call super Airy structures, and discuss a few examples that we expect to

have interesting applications to enumerative geometry.
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1 Introduction

A goal of theoretical physics is to construct a consistent unified theory of quantum field theory
and general relativity; the former describes physics in a small scale with high precision where
gravity is sufficiently weak, while the latter has helped with discovering new phenomena in
a large scale where gravity is dominating and quantum effects are negligible. We call such a
unified theory quantum gravity. We expect that quantum gravity, if it can be constructed,
would reduce down to quantum field theory and general relativity in their own regimes, yet
it becomes crucially important when we would like to consider physics in a small scale with
strong gravity such as the beginning of the Big Bang or evaporation of a black hole. However,
quantum gravity is still a deep mystery, and we are still far from grasping even an overall

picture of what it is.

In such a challenging stage, a wise approach is probably to calculate quantum effects
in a gravitational system within the known physical formalism that we have known, and to
observe consequences that would shed light on constructing quantum gravity. From this point
of view, one of the greatest hints we have had is, in my opinion, the insightful discovery by
Hawking [7] that black holes are not completely black and that quantum field theory makes
it possible for black holes to emit radiation to spatial infinity. Shortly after, Hawking noticed
a contradiction within a set of fundamental axioms in physics and pointed out that it would
require a severe modification from our current understanding of quantum field theory [8].
This puzzle is known as the black hole information paradox, which we will study in detail
in Chapter 4, We would like to emphasize here that this contradiction is something we all
need to appreciate rather than being annoyed. This is because, putting it the other way
around, the Hawking argument suggests that quantum gravity should be equipped with a
new property that resolves this puzzle in a natural manner, and his argument is a great
starting point to uncover such a property.

Towards this direction, many attempts have been made, and they have brought new
creativities to physics. Surprisingly, a notable connection between quantum aspects of black

holes and quantum information theory has been recently indicated, in particular, quantum



entanglement has become a research trend and we shall review basic definitions and useful
theorems of quantum information theory in Chapter[2l Despite the strong attention, however,
it is actually not so easy in general to tell whether two systems are entangled or separable
when the two systems are in a mixed state. Also, one should be careful about similar
terminologies such as entangled states and mixed states, or pure states and separable states.
Therefore, it becomes important for physicists to have a solid and clear understanding of

quantum information theory.

To grasp a good sense of quantum entanglement, an enhancing fact is that we can interpret
some special set of quantum states from a geometric point of view. More precisely, every
spin-n/2 pure state can be constructed by symmetrizing n qubits, and there is a bijective
map between such a state and a polyhedron with n vertices all attached on a unit sphere.
See Figure for an intuitive picture. Then, an interesting question to ask is: what are the
shapes of a polyhedron with n vertices such that the corresponding state has each pair of
qubits separable? Note that a qubit is, in general, entangled with the rest of the system,
even if each pair of qubits is separable. This might sound counterintuitive, yet it is true, and
we explore various examples to answer that question in Chapter [3} The results are planned

to be summarized in [4] soon.

There are several more striking developments besides the connection between black hole
physics and quantum information theory. Maldacena [9] proposed the well-known AdS/CFT
correspondence in the framework of string theory. Even though this is still a conjecture,
there are thousands of calculations supporting this correspondence, without any single coun-
terexample. The Hawking argument, the AdS/CFT correspondence, and other inspiring
discoveries such as the Ryu-Takayanagi formula [10/|11] have led us to a new idea in physics,
the so-called holographic principle. Furthermore, Almheiri et al [12,13] have recently shown
another view of black hole paradoxes from a quantum entanglement point of view, the so-

called firewall paradox.

Taking account for all progress mentioned above, we have arrived at a potential new char-
acteristic of quantum gravity that is an essential departure from our current understanding
of quantum field theory. It is nonlocality of quantum gravity. Roughly speaking, we expect

quantum gravity to incorporate interactions or some sort of communicational mechanism
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beyond the classical sense of causality. Then, we immediately encounter a serious problem:
how can it be consistent with today’s experiments that have confirmed causality with high
precision? We unfortunately do not have any rigorous universal answer to this question, but
there have been several proposals, including my work with Page [2]. We will develop this

idea in Chapter [}

Quite a bit differently, another curious approach towards the understanding of quantum
gravity is to explore quantum field theories in lower dimensions. Such a reduction makes
theories simpler than those in four dimensional spacetimes with gravity, and we potentially
notice some properties of quantum gravity that are universal to any higher spacetime di-
mension. This idea might sound too ambitious, yet nobody has ever proved it is impossible,
hence it is worth giving a good try. From this perspective, quantum field theories in zero
dimensions, so-called matrix models, are the simplest example, and it turns out that matrix
models are simple enough to compute many objects of interest and yet have many nontrivial
features. In particular, it is known that there is a beautiful relation between matrix models
and quantum gravity in two dimensions. See [14-16] and references therein for this type of

relationship.

One of the two most crucial aspects of matrix models is a recursive structure. That is,
we can define correlation functions of matrix models as we normally do in ordinary quantum
field theories in higher dimensions; however, all of them can be computed by a set of few
initial data. The mathematical formalism of such a recursive computation is now called
topological recursion [17H19]. A bonus of their discovery is that topological recursion has
become known as a very powerful tool to compute many important quantities in enumerative
geometry. Regardless of a possible uncertainty whether topological recursion can help with
understanding quantum gravity, it is fascinating to study the elegant flow from quantum field

theories in zero dimensions to enumerative geometry.

Another crucial property of matrix models is that their partition functions obey the so-
called Virasoro constraint. Although the details of the Virasoro constraint will be discussed
in Chapter [6] since it is known that Virasoro algebras can be generalized to super Virasoro
algebras, it is mathematically interesting to see whether we can proceed to a similar story

with supersymmetry. Such models themselves are known to exist, so-called supereigenvalue



models, but what about their recursive structure? The author with Bouchard investigated
the models and showed a formalism in [1] that recursively computes all correlation functions
of supereigenvalue models. We present the work in Chapter [8]

More mathematically, topological recursion is now viewed as a special example of a fur-
ther generalized recursive framework, so-called Airy structures [20,21]. In short, every Airy
structure comes with the associated partition function that can be interpreted as a gener-
ating function of some geometric invariants. In this formalism, Lie algebras play a crucial
role for the existence and uniqueness of the partition function. Therefore, following the spirit
of supersymmetric generalizations of matrix models mentioned above, it is exciting to see
whether we can generalize Airy structures by upgrading Lie algebras to super Lie algebras,
what we shall call super Airy structure. This is a joint work in progress with V. Bouchard,
P. Ciosmak, L. Hadasz, B. Ruba, P. Sutkowski. We explore this idea in Chapter

At last, Page and I also studied a biaxial Bianchi IX model with positive cosmological
constant in [3], which is a classical cosmological model. We found a geometrically interesting
and elegant way to derive the exact solution for biaxial models where the solution itself was
well-known. In short, we consider a dual two-dimensional description of a biaxial Bianchi
IX model, a so-called minisuperspaceEL and showed that the minisuperspace admits two
nontrivial Killing tensors besides the metric, one of rank 2 and the other of rank 4. These
Killing tensors play a crucial role in deriving the exact solution. However, since this work
is in classical cosmology whereas the main focus of this thesis is quantum aspects of black
holes as well as matrix models, we present [3] in Appendix .

In summary, this thesis is organized as follows. We review quantum information theory
in Chapter [2/ and present an in-progress research project in Chapter |3| that is independent of
the flow towards quantum gravity. Then, we discuss the black hole information paradox and
the firewall paradox in Chapter [ and several proposals are given in Chapter 5} We change
our perspective after that, namely, matrix models and topological recursion are reviewed in
Chapter [0 and Chapter [/} Their supersymmetric analogue is developed in Chapter [§ and
finally we consider Airy structures and super Airy structure in Chapter [9] and Chapter [10]

We show a new way to derive the exact solution for biaxial Bianchi IX models with positive

1Tt has nothing to do with supersymmetry.
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2 Quantum Information Theory

Quantum information theory has become known as a useful tool for black hole physics and
other fields. In fact, Figure [2.1 shows how the number of hep-th papers on the arXiv with
entanglement in the title has increased for the last 10 years. However, in the author’s opinion,
quantities in quantum information theory are often explained in a handwaving manner that
they are not wrong but not so accurate either. A typical abuse is referring the von Neumann
entropy as the entanglement entropy for a mixed state. The author has also noticed confusing

explanations about the difference among pure, mixed, separable, and entangled states.

hep-th papers with “entanglement” in the title

220

170

5g 62
40 39 37 35

2
0 6333 o111

97 98 99 00 01 02 03 04 0506 07 08 09 10 11 12 13 14 15
Year /

(projected)
Figure 2.1: The number of hep-th papers on arXiv with entanglement in the title .

In this section, therefore, we carefully review definitions and properties of quantum in-
formation theory, in particular about quantum entanglement. Discussions below are greatly
based on a series of lecture notes by John Preskill . We discuss a few examples for a better
understanding of quantum entanglement in the next section in the context of the geometry

of the quantum states.
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Before jumping into all the details, let us briefly discuss differences between classical
and quantum information theory. A fundamental object in classical information theory is a

binary system, i.e., a sequence of n € Z~ bits such as

n=1: {0,1},
n=2: {00,01,10,11},

n=3: {000,001,010,100,110,101,011,111}, (2.1)

where one can encode N = 2" messages for a general n. We first discuss the simplest case
n = 1 for our purpose here. On the other hand, quantum information theory aims to study

states consisting of n qubits where for n = 1, a general state is given by

la,b) = a|0) + b|1), (2.2)

where a,b € C and |a|? + |b|? = 1. |a|? is the probability of being in the state |0) and |b|? is
the probability of being in the state |1).

Sometimes, this superposition is referred as the difference between classical and quantum
information theory. That is, states in classical information theory are only 0 or 1 whereas
those in quantum information theory are superpositions of 0 and 1. However, this is not
sufficient to characterize their differenced] This is because we can consider a classical bit
that has the value 0 with a probability py and the value 1 with a probability p; where
Po,P1 € R>o, po +p1 = 1. What are differences between such a classical bit and a qubit?

The first difference is known as quantum interferences. Let us consider two normalized

qubit states |¢) , 1)) as

6) = al0) +0[1),  |) =c|0) +d[1),
a,bye,d € C,  al* + |b]? = |c]* + |d]* = 1. (2.3)

LA conceptual difference is that when we were to measure a given qubit, we would project the qubit onto
either |0) or |1), thus, a state after measurement would be indeed different from the given qubit. Measurements
in classical information theory, on the other hand, can be done without disturbing the system.
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Then, the probability of transition from |¢) to |¢) is defined as
pO(é = ) = (0w} [* = lal*|c]* + [bP?|d]* + abed + abed, (2.4)

where the overline denotes complex conjugate. From classical point of view, there are pre-
cisely two ways that this transition occurs. The first process is that |¢) is mapped to |0) with
probability |a|?, and |0) is mapped into 1)) with probability |c|* with the probability of this
process being |a|?|c|?. Another process has |1) as the intermediate state, which occurs with
the probability |b|*|d|?. Therefore, the transition probability is simply given by the sum of

these two probabilities:
P (6 =) = [ (o) |* = |al*|c]* + [b*|d], (2.5)

which differs from . One may recognize that this difference is analogous to the concept
of a double slit experiments in quantum mechanics.
Another way of viewing quantum interference is that the complex numbers a, b, c,d in
in fact have more information than the probabilities, namely the relative phases of a, b
and ¢, d. If we take out one overall phase for |¢) and one for |¢)) and reparametrize a, b, c,d
as
a:cos—l, b= e siné, c:cose—z, d:ew?sin%, (2.6)
then |¢) in is in the state |0) ,|1) with the probability cos?(6;/2), sin®(8; /2) respectively.
Thus, ¢; does not appear in these probabilities, and similarly neither does (5. Nevertheless,
these relative phases still generate observable effects. For example, p@(¢ — v) as in (2.4))

can be written as
CoS — ] )
P2 =) =p (6 = ¥) + M sin 6 sin 0. (2.7)

For fixed 6,05, the information of quantum interference is encoded in the relative phases
¥1, P2-
There is another, deeper concept in which quantum information theory differs from clas-

sical one, which we will discuss in Section Let us now turn to define concepts rigorously
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in quantum information theory.

2.1 Definitions

We go through fundamental definitions needed to understand quantum entanglement.

2.1.1 Pure States

We start with the definitions of a Hilbert space and a pure state.

Definition 2.1.1. A Hilbert space H is a C-vector space equipped with an bilinear map
(-] : H® H — C satisfying:

1. Positivity: (¢|¢) > 0, |¢p) € H where (¢p|¢p) =0« |¢) =0¢€ H.

2. Skew Symmetry: (¢|¢) = (¥|¢), ), [¢) € H

Definition 2.1.2. Let H be a Hilbert space. A pure state is an equivalence class of vectors

in H that differ by multiplication by a nonzero complex number.

We conventionally choose a representative |¢) of each equivalence class that has the unit
norm (¢|¢) = 1. Note that normalization is not enough to uniquely fix a representative since
¢ |¢) also has unit norm for any § € R. Hence, the overall phase factor is redundant. It
is worth mentioning, however, that relative phases in a superposition of two or more pure

states still make observable effects as mentioned in (2.7)).

Definition 2.1.3. A qubit is a quantum system described by a two-dimensional Hilbert

space.

We need two parameters to fix a pure state of a single qubit because it is normalized
and also the overall phase can be chosen without loss of generality. A common way of

parametrizing a pure state |¢) is

0 , 0
|¢) = cos 3 |0) + e sin§ 1), (2.8)
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where |0) ,|1) are a basis of a Hilbert space in two dimensions and 0 < 0 < 7,0 < ¢ < 27.

One can interpret this state as being located on the sphere of radius one, known as the Bloch

sphere. (See Figure 2.2])

11)

Figure 2.2: A visualization of a qubit on the Bloch sphere. There is a
bijective map between a qubit in the form (2.8) and the position on the
sphere. The image is retreived from Wikipedia/ .

Observables in quantum information theory are required to be Hermitian operators, which
are self-adjoint operatorﬂ This is because the values we actually measure are their eigen-
values, and we expect those to be real numbers in actual experiments. More generally, what

we are able to observe in laboratories are expectation values.

Definition 2.1.4. Let H be a Hilbert space and O : H — H be a Hermitian operator. The

expectation value of O measured in the state |¢) € H is
(0)s = (¢|Ol¢) € R. (2.9)

In particular, if H is the eigenspace of O and {|i) ,a;} is a set of orthonormal eigenvectors

and eigenvalues of O so that
dim H

0= Z a; |4 (il (2.10)

2Mathematically, Hermitian operators are defined to be both self-adjoint and bounded. However in
physics, eigenvalues of observables such the Hamiltonian may not be bounded in principle, and we simply
define Hermitian operators as self-adjoint in this thesis, though an effective Hamiltonian after cut-off would
be bounded.


https://en.wikipedia.org/wiki/Bloch_sphere
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then for
dim H dim H
|¢) = Z ¢iliy, ¢ €C, Z leil* =1, (2.11)
i=1 i=1
we have

dim H

(0), = 2 leil*ai. (2.12)

|c;|? denotes the probability that the state |¢) is in the i-th eigenstate |7). Discussions so
far are elementary knowledge in quantum mechanics, but let us now illustrate an equivalent

formalism from density operator perspectives.

2.1.2 Density Operators and Mized States

Definition 2.1.5. Let O be an Hermitian operator and {|i)} be an orthogonal basis of a
Hilbert space H. Then, a trace Tr : O — R of O is defined by

dim H

Tr(0) = ) _ (il Oli). (2.13)

=1

Definition 2.1.6. Let H be a Hilbert space and {|i)} be an orthogonal basis for it. A density
operator p : H — H is a positive semi-definite Hermitian operator with Tr(p) = 1. If one

expands p in the {|i)} basis as

dim H dim H
P = Z Cij ’Z> <j‘ y Cij = Eji € (C, Z Cii = 1, (214)
3,7=1 =1

we call ¢;; the ¢ — j component of the density matriz.

Given a pure state |¢) € H, an operator p, = |¢) (¢| indeed obeys the definition of a
density operator. Notice that an expectation value of an Hermitian operator O (12.9) can be

expressed in terms of the density operator py as
(0), = Tx(Opy) = Tr(py0). (2.15)

This shows that a system described by a pure state |¢) and a system described by its asso-

ciated density operator p, obey the same physics.
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It turns out, however, that the density operator formalism can describe more general

physical systems. To understand the reason, let us consider a superposition of pure states

|¢k>7 K
D) =) 1), (2.16)

where K can be greater than dim H because we are not requiring that the different |¢y)
be orthogonal. This state is still a pure state. On the other hand, a sum of their density

operators is not the density operator of |®) in general

K

P= cps, = Y cildw) (dul #1®) (D], (2.17)

k=1

where K can be greater than dim H. Such a state is actually called a mixed state:

Definition 2.1.7. Let H be a Hilbert space and |¢;) be pure states. Given a density operator
p=>_ciloi) (4], (2.18)

the system described by p is called a pure state if there exists a pure state |¥) € H such
that p = |¥) (U|. It is called a mized state otherwise. Furthermore, for a Hermitian operator

O : H — H, its expectation value is defined as

(0), =Tr(Op) = Tr(pO). (2.19)

p

If c;1 = 1 and other ¢;; = 0 in (2.18]), p is obviously a pure state. Moreover, the density

operator can still represent a pure state even if more than one of ¢;; are nonzero. For example,
p = lal*|0) O] + ab|0) (1] +ab|[1) (O] + [b* |1) (1] = (a]0) + b[1))(@ (0] + (1)),  (2-20)

hence, this density operator is a pure state.
One can always express a density matrix as a sum of pure density operators with corre-
sponding probabilities. This is called a pure state decomposition. However, this decomposi-

tion is not unique in general. Indeed, let H be a Hilbert space and p be a density matrix of
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the system. Then, there exist two sets {|¢;),pi}, {|¢;),p}} of pure states and nonnegative

real numbers such that

J
p—Zm@ @\—Zp]m (W], Zp@—l > p=1 (2.21)
j=1

where I,J can be greater than dim H and they are not necessarily the same because we
are not requiring the {|¢;)} or the {|1;)} to be orthogonal. The only way to have a unique
decomposition is to expand p by its eigenvectors, and even then the decomposition is not

unique unless all the eigenvalues of p are distinct.

Given a density matrix, how can we tell it is pure or mixed? There are two procedures

to check it.

Definition 2.1.8. Let H be a Hilbert space and suppose p is the density operator of a system
of interest. The purity v of the system is defined by

v = Tr(p?). (2.22)

Definition 2.1.9. Let H be a Hilbert space and suppose p is the density operator of a system
of interest. The von Neumann entropy S(p) is defined by

S(p) = —Tr(plogp). (2.23)
Then it is easy to show the following statement:

Proposition 2.1.10. Let H be a Hilbert space and suppose p is the density operator of a
system of interest. Then the purity and the von Neumann entropy of the system have the

ranges

<~y<1

P — Y

< < i . .
e 0<S(p) <logdim H (2.24)

Furthermore, (1) the system is pure, (2) v = 1, and (3) S(p) = 0 are equivalent. Also
v=1/dimH < S(p) = logdim H < p = I/dim H holds, where I is the identity operator

of dimensions dim H.
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2.1.8  Bipartite Systems and the Schmidt Decomposition

What are differences between pure states and mixed states in physics? It is useful to introduce

a few more concepts before diving into such conceptual questions.

A bipartite system consists of a product of two Hilbert spaces. In such a system, one can

endow a new operation called a partial trace.

Definition 2.1.11. Let H4, Hg be Hilbert spaces with orthonormal bases |a) 4, |3) 5, and
let O4p be a Hermitian operator acting on Hy ® Hg. A partial trace Trg of O p over B is

defined by

Trp(Oap) = Y (Blz04518)5. (2:25)
s=1

In particular, if we choose an Hermitian operator O 45 to be a density operator pap, we call

Trp(pap) a reduced density operator, which we denote by pa.

Let us now justify that a reduced density operator p4 indeed describes physics of the
system A. Suppose a bipartite system H, ® Hp is described by a density operator p. We
then prepare an Hermitian operator O4 defined only in the system A. If we would like to
compute the expectation value of O4 in the bipartite system, we actually need to compute
the expectation values of O4 ® 15 where 15 is the identity operator acting on Hg. Thus, we

have

<OA®1B> :TI'((OA®1B)p) :TYA(OApA) = <OA> (226)

Therefore, one can regard ps as the density matrix acting on H4 in the bipartite system
H4 ® Hp. Note that two distinct bipartite states p, p’ can have the same reduced density

matrix, that is, ps = p/, can hold.

Putting it the other way around, a density operator of a mixed state in H can be always
viewed as a reduced density operator in a bipartite Hilbert space H ® H where H is another
Hilbert space. A density operator of a mixed state in H4 is generally written as

dim H 4

pa = Z Caa |@) ('] . (2.27)

a,a’=1
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On the other hand, a general pure state |¢) .5 in Hq ® Hp is

dim H4 dim Hp

O ap = Z Z Capla)418) 5 - (2.28)

a=1 ps=1
Hence, the reduced density operator becomes

dim Hy4 dim Hp

Pa=Tep(|0)ap (Blap) = Y D CasCusla)(d]. (2.29)

a,a’=1 p=1

Thus, if we choose dim Hp appropriately, one can always find Cys so that p/y = pa.

Remark 2.1.12. The process is called purification. That is, given a density operator of a
mixed state in H,4, we prepare an auxiliary Hilbert space Hp and reconstruct a pure state in
the bipartite system H 4 ® Hp. Note that purification is not unique at all, and the auxiliary

Hilbert space may not have any physical meaning.

Remark 2.1.13. Any bipartite pure staterf] can be written as

dim H 4 dim H 4

D) ap= Y. VPala)sld)y, D pa=1, (2.30)

where |a) , is chosen to be an orthonormal basis of Hy, |a) 5 are orthogonal vectors in Hp,

and we assume dim H4 < dim Hg. In particular, the reduced density matrix is diagonalized

dim H 4

pA = Z Pala) (al, (2.31)

a=1

where p, is the probability that a state is in the a-th state |a) (a|. This is called the Schmidt

decomposition.

Remark 2.1.14. Even though this is referred as the Schmidt decomposition, there are

some ambiguities. If all p, are distinct, then the Schmidt decomposition is indeed uniquely

determined, up to their phase differences |a) , — € |a) , ,|a') 5 + e |a’) ;. However, if a

3 A bipartite state is, in some literature, called a joint state.
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set of n p,’s are equal, then there is the freedom of a U(n) transformation of the corresponding

vectors |a) , and the inverse for the |a’) 5 vectors.
At last, we give a proposition on von Neumann entropies of reduced density operators.

Proposition 2.1.15 ( [24]). Let Ha, Hg be Hilbert spaces and p be a density operator of
their bipartite system Ha @ Hg. We also let pa, pg be reduced density operators of Hy, Hp
respectively. Then, their von Neumann entropies satisfy the following inequality called sub-
additivity

[S(pa) = S(pB)| < S(p) < S(pa) + S(ps)- (2.32)

In particular, if the bipartite state p is pure, then we have S(pa) = S(pp).
Subadditivity can be generalized for a product ofnthree systems.

Proposition 2.1.16 ( [25]). Let Ha, Hg, Hc be Hilbert spaces and papc be a density operator
of their tensor product system Hy ® Hg @ Ho. We also let pag, pee, pp be reduced density
operators of Hy® Hg, Hg ® He, Hp respectively. Then, their von Neumann entropies satisfy
the following inequality called strong subadditivity

S(pasc) +S(pp) < S(pag) + S(psc)- (2.33)

2.1.4 Unitarity

When we apply quantum information theory to physics, we would like to know how states
evolve over time. A fundamental assumption of quantum mechanics is that such time evolu-
tion is described by a unitary operator. More precisely, suppose a physical system is described
by a unitary operator U(t) and the pure initial state |¢(0)). Then, the state |¢(t)) at time ¢
is given by

|6(8)) = U(1)[6(0)) - (2.34)

Similarly, if the initial state is a density operator p(0), no matter whether it is pure or mixed,

the state p(t) at time t becomes

p(t) = U)p(0)U'(t). (2.35)



20 2.1. Definitions

Imposing unitarity on evolution closely links to the concept of predictability and the

probability interpretation. Let us give a set of advantages of unitary evolution.

1. Linearity : The evolution operator U(t) acts linearly on pure states as elements of the

Hilbert space.
2. Preservation of the norm : Unit norm states evolve to unit norm states.
3. Invertibility : There is a bijective relation between the past, present, and future states.

4. Purity : Pure states evolve to pure states.

Non-unitary evolution implies that we need to give up at least one of the above, which seems
a severe modification from a current understanding of quantum mechanics. We will discuss
the perspective more later for the black hole information paradox.

At last, we state an important theorem regarding unitary evolution, the so-called no-

cloning theorem:

Theorem 2.1.17 (No-cloning Theorem). Let H be a Hilbert space, and |¢),|¢),|e) € H
be three arbitrary pure states. Then, there is no unitary operator U. acting on the bipartite

system H @ H such that

Ual@) le) =19) o), Ualt)le) =) [¢) . (2.36)

Proof. Suppose such a unitary operator U, exists. However, this implies

(]) = (W] (ele) [¢) = (¥ (el UNUa le) [@) = (0] (]¢) |6) = ((]¢))*. (2.37)

Thus, (10|¢) should be either 0 or 1. This is in contradiction to the assumption that |¢),|¢)

are chosen arbitrary. This proves the theorem. O

Note that it is still possible to construct a cloning unitary operator for a finite
number of priori known states. This should be clear from how we have proved the theorem.
Indeed, there is no contradiction to have a unitary operator U(e) holding for an
arbitrarily chosen pure state |¢) € H and a set of known orthonormal pure states |¢;) where

i ranges from 1 to at most dim H because the condition U(e) needs to hold is simply ([2.37)).
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2.1.5 Information and Mutual Information

Let us come back to the question about differences between pure states and mixed states.
Thanks to Proposition [2.1.10, we can rephrase the question in a more quantitative way:
given a density operator p, what does the von Neumann entropy tell us? To understand this
question better, let us consider a spin system, that is a Hilbert space in two dimensions.
Suppose two density operators py, po are given, the expectation values of each spin direction

are measured respectively as

<0-$(101)> =1, <Uy(p1)> =0, <Jz(p1)> =0, (238>
<Ur(p2)> =0, <Uy(p2)> =0, <Uz(p2)> =0. (239)

For p;, we can indeed determine the density operator as

pr = 511, + W), + (L), (2.40)

or equivalently,

pr =1, (.. (2.41)

Therefore, we are able to grasp the entire information of the state. Namely, if one measures
the spin of state p; along the z-direction, one observes |1)_ with probability 100%. Note that
if one performs other experiments, such as the spin of the state p; in the z-direction, one still
observes [1)_ with the probability 50% and |]), with the probability 50%. However, as long
as the state given is pure, there exists an experiment such that a certain consequence occurs

with the probability 100%.

On the other hand, it may not be possible for a general mixed state to find a nontrivial
experiment such that one could expect the consequence with the probability 100%E|. In
particular, we can tell from (2.39)) that the density operator is proportional to the identity

40f course if the mixed state is given by the tensor product of a pure state and a smaller mixed state,
then it is still possible to expect a certain consequence with 100% by focusing on the pure state part. In the
language of linear algebra, the density operator for a pure state can be thought of as a Hermitian matrix of
rank 1 whereas the density operator for a mixed state is of rank greater than 1
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operator I,

1

in any basis. This state is completely mixed and every spin measurement occurs with the same
probability. There is no preferred state, and every observation gives a pure state randomly.
By keeping this analysis in mind, let us compute the von Neumann entropies of pi, ps.

We have
S(p1) =0, S(p2) =log2 = max. (2.43)

Therefore, we can speculate from this example that the greater von Neumann entropy is, the
more random the state appears. Indeed, the amount of information stored in the state is

defined as follows:

Definition 2.1.18. Let H be a Hilbert space and consider a state described by a density

operator p. The information I(p) stored in the state may be defined by
I(p) =logdim H — S(p) > 0, (2.44)

To clarify, the information by this definition measures how random consequences of obser-
vation are, but we can still accurately determine p by appropriate measurements no matter
what the value of I(p) is, as one can see in the toy example above. This is just a particular
definition of information, but there could be other definitions by which we gain the infor-
mation by determining p. Therefore, it is somewhat misleading to think that we can have
the exact information about a pure state whereas we can know only part of the information
about a mixed statd’] One has to be very careful what type of information it is if this type
of statement is given.

It is also worth noting that Definition gives the amount of information stored in
the state but does not specify the explicit form of the state. In particular, it is invariant
under any unitary transformation p — UTpU, thus, the information about such a unitary
transformation is invisible in I(p). Also, every pure qubit state gives I(p;) = log2 but this

does not tell whether the spin of the pure state is pointing in the z-direction, or in any other

5 Another disadvantage of the use of Definition [2.1.18is that it is not well defined if the Hilbert space is
infinite dimensional.
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direction.

Let us now consider another scenario in a bipartite system H4 ® Hp with dim Hy =
dim Hp. Suppose we start with a pure state |¢p) = |¢a) |x5) where |4) € Ha, |xB) € Hp.
The amounts of information stored in |¢4) and |xp) are both log dim H 4, that is, we can know
all the information about each state at the initial moment. We now act a unitary operator
U on |¢) in such a way that the state after the operation has S(ps) = S(pp) = max. Such a
unitary operator definitely exists, for example, we can construct a unitary operator sending
a product of two spin-1/2 pure states to the singlet Bell state. However, the amount of
information observed in each system now becomes absolutely zero. Where did all the initial
information go? Is it lost? The answer is no, but rather that information is stored in the

correlation between the two systems, which is called mutual information.

Definition 2.1.19. Let H4, Hg be Hilbert spaces and p be a density operator of the bipartite
system H, ® Hg. Then, the mutual information between the system A and B is defined by

I(A: B) = S(pa) + S(pz) — S(p) = 0. (2.45)

Note that the mutual information is nonnegative due to the subadditivity (2.32). In the
scenario of the above example, the mutual information is initially zero, and all the information
is stored in each system. After the unitary operation, all the information is transferred into

their correlation, i.e., the mutual information.

2.2 Entanglement

From a physics point of view, a pure state describes the possible physics of a closed system,
and an open system generically has a mixed state. This insight follows from purification;
a mixed state can be thought of as being correlated with another auxiliary system. Then,
one may ask: is a mixed state the same as an entangled state? This question is not so
well-defined because the answer could be yes in such a sense that for a mixed state, one
can always construct an auxiliary system to be entangled with. However, such system is
not unique and not necessarily a physical system either. On the other hand, when we say

a system is entangled with another system, we normally assume the two systems are both
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physical. Moreover, it turns out entanglement is a rather vague concept that requires careful

consideration.

2.2.1 The Finstein-Podolsky-Rosen Paradox

Entanglement is defined in a bipartite system H4 ® Hpg. Before formally defining entangle-
ment, we try to grasp an underlying idea of entanglement. The best starting point to do so,
in my opinion, is the Einstein-Podolsky-Rosen paradox.

Suppose Alice and Bob are observers of the system A and B respectively, and they
are so far apart that they have access only to their systems and cannot communicate with
each other. How much can Bob be affected by Alice’s measurements? Classically, Alice’s
measurements should have nothing to do with Bob no matter what she does because they
cannot communicate by the assumption. However, this does not seem true any more from
quantum information theory perspectives if one considers a wave function collapse, and this
confusion is called the Finstein-Podolsky-Rosen paradox.

We quantitatively explore this quantum effect in a toy model. Let H4, Hg be two-
dimensional Hilbert spaces with basis {|0),,|1)4},{]0)5,|1)5} respectively. We consider

two bipartite pure states

16) = (@]0) 4+ 1) ) (e|0) 5 + d|1) ). (2.46)
) = %uou 1)+ [1),4 0} ). (2.47)

Suppose Alice makes a measurement of the system A and observes either the value 0 or 1.

After the measurement, |¢) is collapsed onto either

10)4 (0L, ©15[0) = al0) 4 (c|0) 5 +d[1)p) (2.48)

or

DA (Us©18[0) =b[1),(c|0)5 + d[1)p), (2.49)

where 1p is the identity operator acting on Hg. Therefore, Bob has the same state no matter

what is the outcome of Alice’s measurement.
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On the other hand, if Alice and Bob were to observe the state [¢)) in ([2.47]), Alice’s

measurement maps |¢) to either

1

10) (0], © 1z [d) = 7 004115 (2.50)
1

1) (1], ©15]9) = E|1>A|O>B' (2.51)

Hence, the state Bob has access to depends on what Alice did. If Alice’s measurement
results in the value 0, Bob necessarily observes the value 1, and vice versa. Note that Alice’s
measurement seems to instantly affects Bob’s state no matter how far they are apart. This

is paradoxical from the causality point of view.

Does this actually break causality? Does this imply a communication faster than the
speed of light? The answer is no, because Bob himself has no way to instantly know what
Alice measured. For Bob, the only thing he can do is simply to measure either the value 0
or the value 1 as he would do without any correlation with Alice. Hence, it has nothing to

do with causality.

Let us extend to this scenario a bit more. Suppose it is Charlie who prepares the state
and gives the qubit A to Alice and the qubit B to Bob. Charlie does not tell Alice
and Bob what state he prepares, and he is with Alice when she does her experiment. If
she measures the value 0, Charlie instantly knows Bob will observe the value 1, and vice
versa. Does it suggests an instantaneous communication between Bob and Charlie so that it
breaks the causality? The answer is, again, no. Charlie has already known the correlation
between Alice and Bob, hence, it does not mean Charlie has obtained the information of

Bob’s measurement from Bob.

Note that if Charlie prepares the state (2.46)) instead, even Charlie cannot figure out
what Bob will observe after Alice’s measurement. This is because the qubit A and B are
separable in (2.46)) whereas they are entangled in (2.47). Quantum entanglement ([2.47))

makes it possible for Charlie to predict what Bob’s qubit gives after Alice’s experiment.

We define separable states and entangled states more rigorously below.
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2.2.2  Entanglement Entropy

Definition 2.2.1. Let H4, Hp be Hilbert spaces and |¢) € Haq ® Hp be a bipartite pure
state. We say the systems A and B are separable if and only if one of the following equivalent

statements is correct.

1. 3|vYa) € Ha,|xB) € Hp such that |¢) = |va) |X) 5-

2. pa="Trp(|¢) (¢]) is pure.

The systems A and B are entangled if they are not separable.

Notice that Propostion implies that the von Neumann entropy S(pa) of the
reduced density matrix ps can be used to check whether two systems are entangled. Also,
this definition applies only if a bipartite state is pure. We will give a more general definition
for mixed bipartite states shortly.

Once we figure out whether the two systems are entangled, a natural question to ask next
is how entangled they are. It turns out that the von Neumann entropy S(pa) of a reduced
density matrix p4 can play a role of a measure of entanglement too. The greater S(p4) is,
the more entangled the two systems are. In particular, we define a maximally entangled state

as follows.

Definition 2.2.2. Let p be a pure density operator of a bipartite system H, ® Hp with
dim H, < dim Hg. Then, we say the system A is maximally entangled with the system B if

S(pa) = max = logdim Hy. (2.52)

Note that even if the system A is maximally entangled with the system B, the system B
is not maximally entangled with the system A in general. This is because dim H, < dim Hp,
while S(pa) = S(pp) due to subadditivity (2.32). Hence, S(pg) is not also maximal unless
dim H, = dim Hg. As the von Neumann entropy of a reduced density operator is very useful

in order to measure an entanglement of a bipartite system, we give a special name on it.

Definition 2.2.3. Let p be a pure density operator of a bipartite system H4® Hg. Then, the
von Neumann entropy S(pa) of the reduced density operator p, is called the entanglement

entropy.
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Remark 2.2.4. S(p4) is called the entanglement entropy only if its bipartite state is pure.
If a bipartite state is mixed, it becomes more subtle to define entanglement.

Definition 2.2.5. Let p be a mixed density operator of a bipartite system H4 ® Hg. Then,
two systems are separable if there exists a set of pure states pff), pg) such that p can be

written as
K

K
p=> mrV @0y, Y =1, (2.53)
k=1 k=1

where K can be greater than dim(H4 ® Hg), and pj;, are nonnegative real numbers which can
be interpreted as probabilities since they sum to 1.

This definition indeed makes sense. It indicates that the bipartite system is described by

pff) ® pg) with the probability pi, and two systems are separable at each event. Note that

even though the systems A and B were separable, the reduced density matrix ps (not pf))
can be mixed, hence, the system A is not pure in general. Therefore, we need to have a clear
understanding of differences among pure, mixed, separable and entangled. For instance, one
can have a situation that three systems A, B and C' are all separable from each other, but A
is entangled with BC', B is entangled with AC and C' is entangled with AB. Pictorially, this

can be, in a sense, visualized by a Borromean ring. Figure [2.3] We will explore this concept

with a few examples in Chapter [3]

Figure 2.3: The red circle is entangled with a set of the blue and green circle
together, while the red and blue circles are separable if we ignore the green
circle. The image is retrieved from Wikipedia.

For a bipartite mixed state, the condition S(p4) = max is not sufficient to conclude

that the system A is maximally entangled with the other system B. This is why the von
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Neumann entropy is not referred as the entanglement entropy for a bipartite mixed state
any more because it does not measure entanglement. In fact, two systems can be separable
even if the von Neumann entropies of their reduced density operators are maximized. For

example, the following maximally mixed bipartite state,

1
~ dim H, dim Hp

p 14 ® 15, (2.54)

is clearly separable by Definition for K = dim H dim Hg. One way of defining maxi-

mally entangled states is discussed in [26},27].

Definition 2.2.6. Let p be a mixed density operator of a bipartite system H4 ® Hpg where
dim Hy < dim Hg. The system A is mazimally entangled with the system B if all of the

following three conditions are satisfied:
1. there exists a subspace Hy C Hp where Hp = Hy ® H/B with dim H4 = dim Hj
2. there exists a pure state 1)) € Hy ® Hp such that S(Trp (|¢) (¥])) = logdim Hy4
3. there exists a density operator p on Hp such that p = p® |¢) (¢)].

We have reviewed all elementary definitions and properties in quantum information theory
focusing on quantum entanglement in this section. There are of course much more to study,
and we refer the readers to Preskill’s lecture notes [23] and references therein for further
discussions. As mentioned at the beginning, quantities in quantum information theory are
more vague and delicate than how they are explained in some literature. Hopefully remarks
and examples given above would help the readers with precisely grasping ideas of quantum
information theory. To close this section, we give two theorems which will be important to

understand the firewall paradox.

Theorem 2.2.7 (Monogamy of entanglement [28,29]). Let A, B,C be independent systems
in which the system A is mazximally entangled with the system B. Then, the system A cannot

be entangled with the system C at all.

Theorem 2.2.8 (Average Entropy [30,31]). Let Ha, Hg be Hilbert spaces and we randomly
pick a bipartite pure state p in Hy ® Hg where dim Hy < dim Hg. Then, the average
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entanglement entropy S(pa) between the two systems is

dim H4 dim Hp

1 dimHy—1
= E - — 2.
S(pa) , k 2dim Hg (255)
k=dim Hg+1

In particular, for 1 < dim H4 < dim Hp, this implies that the system A is nearly mazimally

entangled with the system B,

dimHA—l

S(pA) ~ logdlmHA — m

(2.56)
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3 Geometry of Quantum States

Let us consider a few examples to establish a deeper understanding of entanglement, though
the discussions below have no direct relation to black hole physics. We shall find that
entanglement between qubits turns out to have some geometric interpretation on the Bloch
sphere, which is well explained in [37]. The Bloch sphere can serve as the circumsphere of a
polyhedron of n vertices such that the shape and orientation of the polyhedron corresponds to
a spin-n/2 state. See Figure below for an intuitive pictorial correspondence, and detailed
definitions as well as our methodology are given shortly. What we are interested in is the
relation between the shape of polyhedra and the condition that two qubits are separable from

each other. This is work in progress with Page [4] and is hoped to be published soon.

Figure 3.1: A bijective map between a spin-2 state and a tetrahedron attached to the Bloch sphere.

3.1 Entanglement of Formation

As our interest is the separability between two subsystems, we need a mathematical tool to
determine whether two systems are separable or entangled. If the bipartite state of such two
subsystems is pure, the entanglement entropy becomes useful. However, measurements of
entanglement of bipartite mixed states are rather complex ones. The definition we gave in
Definition applies only to maximal entanglement, and as of today, there is no universal
measure that is also analytically calculable. Yet, one of the most realistic measures is the

so-called entanglement of formation.

Definition 3.1.1. Let H4, Hg be Hilbert spaces and p be a density operator of a bipartite
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system H,y ® Hg. We consider all pure state decompositions of p

P—Zpk‘qﬁk (Dr! Zpk—l (3.1)

where |¢y) € Hy ® Hp are bipartite pure states and K can be greater than dim Hy ® Hp.
Then, the entanglement of formation E(p) is defined as

E(p) = min ZpkE(¢k) > 0, (3.2)

where it is minimized over all decompositions of p, and F(¢) is the entanglement entropy

of each pure state |¢y)

B(én) = ~Tra(Trn(|ox) (64l) log Tra(lon) (o). (3.3)

Then, we immediately notice the following proposition:

Proposition 3.1.2. Let Hy, Hg be Hilbert spaces and p be a density operator of a bipartite
system Hy @ Hg. The systems A and B are separable if and only if the entanglement of

formation vanishes, E(p) = 0.

Recall that there is no unique pure state decomposition for (3.1)) as commented in Sec-

tion [2.1.2] For example, let us consider the following mixed density operator
1
=3 |00) (00| + = |11> (11]. (3.4)

It is straightforward to check that these two qubits are actually separable by Definition [2.2.5]

This decomposition gives

ZpkE(¢k) =0, (3.5)

which is consistent with Proposition|3.1.2. On the other hand, the density operator (3.4)) can

be decomposed in another way

= §<100> +[11))((00] + (11]) + i(|00> — [11))({00] — (11), (3.6)
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which returns «

> peE(¢r) = ! log 2. (3.7)

k=1 2
This example indicates a reason why we need to take the minimum over all possible pure
decompositions in (3.2)).
The entanglement of formation is still difficult to compute for general bipartite mixed
states. Also, it remains to be seen whether it is useful beyond being a measure of separability.
If both H,4, Hp are two-dimensional, however, [32] showed a relatively easy way of computing

the entanglement of formation.

Theorem 3.1.3 ( |32]). Let Ha, Hg be Hilbert spaces of two dimensions and p be a density
operator of a bipartite system Hy ® Hp. For the Pauli matriz o,, we define a Hermitian

operator p

p= (o, ®0y)p(o, ®0y), (3.8)

where p is the complex conjugate of p. It can be shown that the eigenvalues of the non-
Hermitian operator pp are nonnegative. Let \; € Rso be square roots of such eigenvalues in

decreasing order. Then, the entanglement of formation E(p) is given by

E(p) = h (1 A 12_ CW) , (3.9)

h(z) = —zlogz — (1 — z)log(1 — z), (3.10)

C(p) = maX{O, )\1 - )\2 - )\3 - )\4} (311)

In particular, E(p) = 0 if and only if C(p) = 0.

Remark 3.1.4. When all \;’s are complicated, it provides an extra computational difficulty
to determined what is the greatest one. However, since our focus is only on the separability

of states, we may take another equivalent measure C(p), instead of C(p), defined by

Clp)=(=M+X+3+ M)A =+ 3+ M)A+ = A3+ M)A+ A+ A3 — N\g). (3.12)

Two qubits H,, Hg are separable if and only if C'(p) > 0. The advantage of C(p) is that
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we do not need to consider the order of the \;’s because it is symmetrical among them.
Meanwhile, C'(p) is linear in A;’s while C requires some multiplications, hence, this is sort of

a trade-off. We may apply C(p) or C(p) case by case.

3.2 Separability of Symmetric States

By using the entanglement of formation, we explore interesting relations between geometric
symmetry and the separability of two qubits. More precisely, let H be a Hilbert space of two
dimensions, i.e., a qubit, and consider n points (6;,p;) on the Block sphere to fix n qubits
| 1)
ei 0, . ei
|¢i) = cos By |0) + €' sin By 11). (3.13)

Then it is known [33}35] that any spin-n/2 pure state in H®" is given, up to normalization,
by

n

@) o< > lbr))y 1Brim) = Dk |Sn) (3.14)

TESh k=0
k=D Sott) So(Cotirn) "+ Cotny, (3.15)
oESy,
10 : ei Qi
SO'(’L) =€ v sin 5; Oo'(n) = COS 57 (316)

where S, is the symmetric group of permutations of degree n. |S,x) is the Dicke state [306]
which is defined as

| S k) = (3.17)

1
i 2 B

where the sum is taken over all permutations of the basis with n — k qubits being in |0) and

k qubits being in |1)[[] For the rest of this section, we refer to |®,) as a pure spin-n/2 state.

Since ([3.14)) is defined by the permutational symmetrization of n states, there is a bijec-
tive map between the state (3.14]) and the polyhedron of n vertices whose circumsphere is

the Bloch sphere. Note that in principle, two polyhedra in the same shape but different ori-

!The Dicke state is often defined with normalization (S, x|S, ) = 1. However, we take the definition
without normalization for simplicity.
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entations would give two different statef]. At the same time, (3.14) is symmetric among all n
qubits, hence, every qubit is separable from each other qubit if any one such pair is separable.
The separability only depends on the shape of the polyhedron but not the orientation. Now

an interesting question arises:

What are the shapes of a polyhedron with n vertices such that

the corresponding state has each pair of qubits separable?

One may remark that a qubit is, in general, entangled with the rest of the system as a
whole, even if each pair of qubits is separable. This statement might sound counterintuitive

at first, but we will show below that this is actually possiblerf].

3.2.1 n =2 Qubits

This case is the simplest and trivial because the bipartite state is pure. The spherical sym-
metry allows us to fix one point on the north pole of the Bloch sphere and the other on the

xz-plane, that is, ¢ = 0:
0 .0
610 =10}, I¢a) = cos g [0) +sin - [1). (3.15)
A spin-1 state (3.14]) is simply
D) o< [61) [d2) + |¢2) 1) - (3.19)

It is straightforward to see that the two qubits are separable if and only if the two states are
identical, # = 0. That is, two points are both on the north pole. Note that the two qubits
are maximally entangled if and only if # = 7, hence, one is at the north pole and the other

is at the south pole on the Bloch sphere.

2An obvious example is when n = 1. Two distinct points on the Bloch sphere correspond to two distinct
state by definition.

3134,135] also investigate characteristics of maximally entangled symmetric states, but what we focus on
is rather separability.
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3.2.2 n =3 Qubits

The case n = 3 is more much complicated but interesting. Similar to the n = 2 case, the
spherical symmetry is used to set three qubit states corresponding to three points on the

Bloch sphere adf]
) =10), |q2) = cos 5 10) + sin o 1), |g3) = cos 5 0) +e “’smg 11). (3.20)
A spin-3/2 state is then given by
0 o 0 .M
|P3) o 3cos§cos B |000) + e *"smésm §(|Oll) + |101) + [110))

. 0 0
+ (e“" cos 5 sing + cos g sin 5) (]001) +|010) + |100)). (3.21)

It is tedious to compute \; defined as in Theorem [3.1.3] but thanks to Maple, we know that

two of them are zero, and the other two are in the form
M=\c+VD, X=+\c—VD, (3.22)

where both ¢ and D are functions of (0,7, ). Thus, Theorem implies that a pair of

two systems is separable if and only if the discriminant D = 0.

D is also a complicated function at first glance. It turns out the expression is simplified
if we introduce the angle o between the two points that are not on the north pole in place of

. The relation between o and ¢ is

cos o = cos 6 cosn + sin @ sin 7 cos ¢. (3.23)

4Since one can always define a plane that supports the triangle, one may suspect it might be simpler to use
the spherical symmetry to put the three points on the same latitude. I have also tried such a parametrization,
but computations are not so simple as those for the choice given.
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Then, it can be shown that the discriminant D as a function of (6,7, 0) is proportional to

D oc((Qcos@ —cosn —cosa)? + (2cosn — cosa — cos 0)* + (20080—0039—C0877)2>
X ((20050 —cosn —coso)? + (2cosn — cosa — cosB)? + (2cos o — cos ) — cosn)?

+ 9sin f sin n sin 0). (3.24)

Note that the normalization for the discriminant D neither vanishes nor diverges. Since
0 <6,n,0 <m D is zero if and only if § = n = 0. Thus, we have found the following

proposition.

Proposition 3.2.1. An arbitrary pair of qubits in a pure spin-3/2 state in H®3 is separable

if and only if the three points on the Block sphere form an equilateral triangle.

Pictorially, one can interpret Proposition [3.2.1] as analogous to a Borromean ring in Fig-
ure 2.3l That is, a qubit is generally entangled with the set of the other two qubits. However,
if the three points on the Bloch sphere form an equilateral triangle, each pair of qubits is not
entangled with each other. Note that every qubit is maximally entangled with the two others
if and only if the three points form an equilateral triangle on a plane through the centre of

the Bloch sphere.

3.2.3 n >4 Qubits

For a general setting with n > 4, it has become challenging to obtain the eigenvalues \; even
with the use of Maple. However, one can still explore examples with a few constraints. Here,

we show a few interesting observations.

Proposition 3.2.2. If r points are equally placed at a ring on the Bloch sphere, then any

pair of qubits in a pure spin-r/2 state in H®™ is always separable.

Proof. Suppose the ring is located at the angle # from the z-axis. The k-th qubit state is

expressed by

0 2mi 0
|br) = cos o 0) +e o sin§ 11). (3.25)
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Then, the pure spin-r/2 state (3.14) in H®" is
r 0 T r4+1 7 0 T
|®,) o cos 2 |0)" 4+ (—=1)""" sin 2 1" . (3.26)
As a result, the density matrix p after taking a partial trace over the last H®("~? is given by
2r 0 - 27 0
p o cos™ o |00) (00| + sin 3 111) (11]. (3.27)

Thus, a pair of qubits is separable by Definition [2.2.5 n

If we further take a partial trace over the second qubit, we obtain the reduced density

matrix of the first qubit as

1 6 6
== (COSQT 3 |0) (O] + sin®" 2 1) <1\) : (3.28)
0 0
N = cos™ 3 + sin®" 3" (3.29)

As a consequence, the entanglement entropy between the first system and the rest is given

by

B 2r o 0 g . .0 .0
S(p1) =log N N (COS 3 log cos 5 + sin 5 log sin 2) . (3.30)

It can be shown that this entanglement entropy is a monotonically increasing function of
in the domain 0 < 6 < /2 with S(p;) =0 at # = 0 and S(p1) =log2 at § = 7/2. Therefore,
one qubit is generally entangled with the rest, and the entanglement is maximized when the
ring is on the equator. However, if one focuses on an arbitrary pair of qubits, they are always
separable.

One can generalize Proposition as follows

Proposition 3.2.3. If one point is at the north pole with multiplicity n, another point at
the south pole with multiplicity s, and r > 3 points are on a ring at angle 6 from the z-axis,

then an arbitrary pair of qubits is separable if (r — 1)*(r +n + s) > 4ns and if 0 satisfies

0
x_ < tan®" ) <uxy, (3.31)
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where x4 are

B (n+7)ls!
= on(s+1)(s 4 1)n!

(<n+r><s +7)(r = 1) = sn(r + 1)

+ \/((n—i—r—l—s)(r— 1)2 —4n3>7‘2(n+7"—|—8)>. (3.32)

Proof. The proof becomes long and computational so we summarize a few facts here. First

of all, a spin-(r + n + s)/2 pure state in H®" ™" becomes

.0
| Dy nts) O COS ) Z ‘0>a(1) T ‘0>a(n+r) |1>a(n+r+1) T ’1>a(n+s+r)

O'ESn+s+'r

T (1 AT 8
+ <_1) S 5 Z |0>a(1) T ’0>o(n) |1>a(n+1) T ’1>U(n+s+7“) : (333)

Uesn+s+r

Then, the reduced density matrix becomes diagonal in the orthnormal basis {|00) , |11) , |B+)}

where
1
|Bs) = —=(01) £[10)). (3.34)
More precisely, we obtain
p o< diag(poo, p11, P, ,0) (3.35)
! 0 ! 0
poo =(m+7r)(n+r—1) (n +'T) cos?" 3 +n(n—1) (s +‘ r) sin?" 2 (3.36)
n! s!
! 0 ! 4
p11 =s(s — 1) (n+7) cos” —+ (s+7)(s+r—1) (s +7) sin® —, (3.37)
n! 2 s! 2
! 0 ! 0
pB, =2s(n+r) (n :!r) cos?" 5 +2n(s+r) (s T;r) sin®" 3" (3.38)
Following the definition (3.8)), p in this basis is given by
p o< diag(p11, poo, pB,,0). (3.39)

Hence, the eigenvalues \; are, up to normalization, respectively,

M =P, A= A3 =/poop11, M =0. (3.40)
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Then, we notice that a pair of qubits is separable if and only if ,023+ —4poop11 < 0. The

proof is completed by finding the domain of 6 for given n, s, . m

In particular for s = 0, where points on the Bloch sphere form a regular pyramid with

the apex at the north pole, we have
m+7r)r—1)(n+r)!

r-=0, x4= . T (3.41)

Thus, a pair of qubits is separable when the regular pyramid is sufficiently short. In particular,
xy > 1 for any (n > 0,7 > 3) so that it is always separable if the regular pyramid is confined
to the northern hemisphere. Moreover, for the case (n,s,r) = (1,0,3), we find an interesting

fact. (3.35)) implies that the reduced density operator for a single qubit becomes

0 0 0
p1 X (8 cos’ 5T sin® §> |0) (0] + 25sin® 5 1) (1]. (3.42)

Therefore, a single qubit is maximally entangled with the rest of the system H®"! if

0 0 0 0
8 cos® 5T sin® 5= 2 sin® 5 = tan 5= V2. (3.43)

This is precisely when the four points on the Bloch sphere form a regular tetrahedron!

Note that x, = 32, hence a pair of qubits is still separable even if a regular triangular
pyramid is slightly taller (or equivalently sharper) than the regular tetrahedron. For a regular
pyramid of n = 1,s = 0 and r > 3, let 6. be the angle where the center of mass of r + 1
pointsﬁ is at the origin, 6, be the angle where each qubit is maximally entangled with the

rest, and 0, be the maximum angle that a pair of qubits is separable. Then, we have
Oc < O < 0, (3.44)

where the first inequality is saturated only for » = 3 as we have shown above.

5We assume that they are equally weighted.
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3.2.4 Two Variable Examples

All the examples above for n > 4 qubits considered have only one variable for the com-
putational simplicity. Let us investigate cases with two variables. Note that there would
be originally 8 variables to specify 4 points on the Bloch sphere. The spherical symmetry
reduces the number by 3, hence, the remaining degrees of freedom are 5 in order to fix the
state for n = 4. How shall we impose 3 more constraints to reduce the number to 2 in
some geometrically interesting settings?

Perhaps, one such way is to consider a tetrahedron whose center of mass is at the center
of the Bloch sphere assuming that each point is equally weighted. This is equivalent to saying
that each pair of opposite edges have the same length, and the corresponding state for each

point can be respectively parametrized by

0 .0 0 .0
|p1) = cosé |0) +sm§ 1), |a) = cos§ 0) — sm§ 1),

7 , 0 0 0
|p3) = sin 3 |0) + €' cos 3 1), |¢4) =sin= ]O) — €' cos = 5 1) . (3.45)
Accordingly, the state (3.14)) for n = 4 becomes

9 6
|®4),, o< 6cos” = 28 |OOOO> + 6€*'¢ cos® 28 ]1111>
N .0
- (s 5 + ¢ cos’ ) (J0011) + [1100) + [1010) + |0101) + [1001) + [0110)),

(3.46)

where the subscript O denotes that the center of mass is at the origin.

Remark 3.2.4. Every qubit is maximally entangled with the rest in this setting, and this is
indeed why we are focusing on this type of questions. That is, our interest is to find shapes of
the tetrahedron such that every qubit is maximally entangled with the rest, yet each pair of
qubits is separable. We indeed suspect for n = 4 that each qubit is maximally entangled with
the rest of the system if and only if the center of mass is at the origin, though we have only
proved the if-part as mentioned in the above example. We can prove for n = 3 that every

qubit is maximally entangled with the rest of the system if and only if the center of mass is at
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Figure 3.2: A bijective map between a tetrahedron whose center of mass is at the origin and the
corresponding spin-2 state (up to isomorphism of the spherical symmetry). The opposite edges have
the same length respectively as highlighted in red, blue, and green.

the origin as follows. The if-part is straightforward because the three points should form the
equilateral triangle on the equator and we can use the result from . The only-if-part is
shown by computing the expectation values of each spin (S = 2|, 5;|S = 2), = 0, which is
equivalent to the maximally entangled condition for permutationally symmetric states ,
and show that the equation holds only if the center of mass is at the origin. One can also
argue that the entanglement entropy is maximized if and only if the corresponding triangle
forms an equilateral triangle on the equator, though the computation would be longer than
that for spin directions. Note that the statement does not hold any more for n > 5 qubits,
that is, we know cases where the center of mass is at the origin, yet one qubit is not maximally

entangled with the rest.

Returning to the tetrahedron whose center of mass is at the origin, in the basis {|00) , [11) ,|B+)}
where |B.) is given by (3.34)), the reduced density operator for the first two qubits has no

component for |B_). The remaining 3 x 3 part is given by

A
R
o o
o x

0
01 - (3.47)
C
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where
0 40 0 ?
A = 36sin* 2 cos* 5 + |sin* 2 + €% cos? 3| (3.48)
0 0 0 0 -
B = —6sin? B cos’ 2 (sin4 5t cos* 5) (1+e7%%), (3.49)
b 20 ’
C' = 4|sin 5 Te ¥ cos 3 (3.50)
or equivalently
9 .4 2 L.y 2
A= 7 5in 0 + cos” 6 + 750 6 cos® ¢, (3.51)
3 ,
B=—7 sin? 0(1 + cos? ) (1 + e %), (3.52)
C' = 4 cos® § + sin® § cos® . (3.53)
Note that in this case, we have p = p. Then, we have
A2+ |B|? 24B 0
ppox | 24B A%+ |B]*> 0 (3.54)
0 0 C?
and the eigenvalues are
A? +|B? £2A4/|B2, C% (3.55)
Notice that
3 2
|B|* = <§ sin® §(1 + cos? 0) cosgo) : (3.56)
Thus, the \; are
0,A+|B|,C, (3.57)

where one can show A > |B].

With the help of Maple, we compute the region where C (p) > 0, and we give the plot
below. Note that it is possible analytically to compute the equations defining the boundary
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of the separability region. The boundary can be determined by quadratic polynomials in
cos p, but the coefficients are also quadratic polynomials of cos? §. Thus, the expressions are

messy and we omit them here. The plot of C'(p) > 0 is shown in Figure [3.3|

Separability Region
0.5

0 05w

0

Figure 3.3: The plot of C(p) > 0 region with the help of Maple. A pair of
qubits is separable if (6, ) are in the blue-highlighted domain. Both axes
go from 0 to m/2. Note that the left boundary is not a straight line, but it
is indeed a curve.

We can generalize the above discussion for 2n > 6 qubits. More precisely, we choose two
rings at the latitudes 6, ™ — 0 but twisted relative to each other by the angle ¢ where the two
sets of points are on the same longitude if ¢ = 27k /n for k € Z. Each point on the Bloch

sphere corresponds to one of these states

6 ) 0 0 sl ; 9
|¢](§1)> =cos 5 |0) + e sin B 1), |q§,(§2)> = sin 3 0) — e e cos B 1) (3.58)
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By multiplying and symmetrizing these qubits, the spin-n state (3.14]) becomes

2 0 0 2n\ . 0 0
|P2n) o oc( :) cos” 2 sin” 2 0)*" + ( :) e"? cos” 2 sin” 2 1)
0 0
— (=" (sinQ" 5t ¥ cos®" 5) | Son.n) (3.59)

(3.60)

In the basis {|00),|11),|B;)}, however, the reduced density matrix is diagonal for n > 3,

unlike the n = 2 case,

P00
p=10 P 0], (3.61)
00 Q

where

0\  [2n-2 0 0
— ( ) cos” — sm 5) + < nn ) sin®" 3+ e cos™" 3] (3.62)
2n — 2 0 A 2
Q= 2( " ) ) sin®" 2 + €™ cos™ —| | (3.63)
n —
0 0 0 0 0 0
sin®" 5 + e™? cos®™ =| = sin™ ) + cos™ 5 + 2sin*" ) cos™" 5 CosTYp. (3.64)

Then, we can explicitly show \; € {P, P,Q,0}. Theorem then implies that a pair of
qubits is separable if
Q—2P <0, (3.65)

or equivalently,

2 0 7
2(2n —1) ( :) — tan®" 5 (tan" 5)_1 > 2cosnp. (3.66)

For example, for n = 3, the separable region is given in Figure |[3.4, For n > 4, the graph
would look essentially the same except the left boundary gradually moves towards the right,
and reaches § = 2tan~1(1/2) in the limit n — oo. One should notice this is totally different

from the behaviour for the n = 2 case.
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Separable Region (n=3)
0.33 1

0

Figure 3.4: The plot of the separable region for n = 3. A pair of qubits
is separable if (0, ) are in the green-highlighted domain. The #-axis goes
from 0 to m/2 and the p-axis is from 0 to /3. The left boundary is not a
straight line, though it becomes fully straightened in the limit n — oo at
6 =2tan"1(1/2).

3.2.5  Fubini-Study Metric

At last, it is geometrically interesting to compute the area where the corresponding pair of
qubits becomes separable in the above setting. Here, what we mean by the area is not the
one on the planar graph in Figure A natural choice of the metric on the full space of
quantum states with dim H = 2n + 1 is a so-called Fubini-Study metric, which is a Kahler
metric on projective spaces P?". See [37,38] for more discussions about relations between

quantum states and the Fubini-Study metric.

Let us define a complex variable.

, 0
z = €' tan 3 (3.67)
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Then, we rewrite the spin-n > 2 state (3.60|) in the (z, z)-coordinates as

022,70 = ((2:) e o () Loy

(1) (@z)n + (g)) (?)ﬁ |s2n,n>), (3.68)

No(z,%) = ((zz)% +2 (2”) (22)" + (22)3 (2" + 2") + 1) (3.69)

n

Note that we have given the correct normalization because it is necessary to obtain an

appropriate metric.

The metric we are looking for is not the Fubini-Study metric itself, but the induced one
onto the two-dimensional surface describing states (3.69) embedded in P?" with the Fubini-

Study metric. One way of computing such an induced metric is by identifying ds? with

2 d 2

(Do (2, 2)|Pan (2 + dz, 7 + dz)>O] — cos(ds?) =1 — % (3.70)

where we truncated the terms higher than order ds? by assuming ds? is infinitesimally small.

The computation becomes very long, yet the consequence is summarized in the following
relatively simple form:

ds? = (2”) 8"2(;% ((22)2" +1-— (2:) (22)" — 2(22)7 (2" + z”)) dzdz

n ) 822N,(z,z

+ <2:> % ((zz)% +1-— (2:) (22)" — 2(22)% (2" + z")) dzdz

+ (2”> % <3(zz)2" 434 (2:) (22)" — 2(22)3 (=" + z”)) (dzdz + dzd2)

n ) 82ZNy(z,z
(3.71)

Then, the determinant /g, is finally computed as

G = — (2:)2% (1 + (2:> (22)" + (22)2”) (14 (22)™ = (22)2 (2" + 27) .

(3.72)
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The area A, of the separable region of the spin-n state (3.69) is then given by using the

induced metric (3.72)) as
A, :/ Vndzdz. (3.73)
separable

Note that the separability condition for n > 3 in the (z, z)-coordinates is

2n
n

2(2n — 1)( )(22)" —(22)™ =1 — (22)3 (2" +2") >0 (3.74)

3.2.6 Large n Limit

It is difficult to integrate exactly the area A, for general n, however, we can obtain an
approximate result in the limit n > 1. To do so, let us first transform the complex variables
(z,2) to a set of real variables (L, p) where ¢ is the same angle that appeared in and
L is given by

0

L = (22)" = tan®™ o (3.75)

Note that 0 < 6 < 7/2, thus we have 0 < L < 1. In these coordinates (L, ¢), /g, is written

as
2n n? 2n
w(L,p) = ————[2(L% - 2L 1) | L? L+1), 3.76
2= () a2 -2 o (24 ()ir). o
where
2
N,(L,0) = L2+2( n)L+2Lcosngp+1. (3.77)
n
The separability region (3.74)) reads
9 2n
L?+2Lcosny —2(2n — 1) L+1<0. (3.78)
n

Since v/ gn(L, ¢) is regular everywhere in the region 0 < L < 1,0 < ¢ < 7/n, we can proceed

a simple approximation.

First of all, it does not make much sense to compute the area itself because one can alway

scale it by an overall constant normalization. Therefore, what we should compute is the ratio
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@, between the area of the separable region and that of the entangled region:

fseparable \Y% gn(L? @)degO
fentangled \% g”(L7 @)deQO

In particular, we ignore the constant normalization in (3.76]).

Qn = (3.79)

In the large n limit, the first two terms in the separability condition (3.78]) are significantly

smaller than the third term because the binomial coefficient becomes very large. Thus, we

can approximate (3.78)) by
2
—2(2n — 1)< ”>L+1 <0. (3.80)
n

In particular, the boundary between the separable and entangled region is determined ap-

proximately by the straight line

1
L= O (3.81)

By the same reason, we can approximate N, (L, @) as

No(L,0) =142 (2:) L (3.82)

and the second bracket inside the square root in (3.76)) as

1+ <2n) L. (3.83)

n

In order to evaluate the first bracket in the square root in (3.76)), we use the following
inequalities

14+ L*4+2L > 1+ L*—2Lcosnyp > 1+ L* —2L. (3.84)

It follows that we have

A, > / Vau(L, )dLdp > A- (3.85)

VL2 G
(1+2()L)°

where the domain of the integrals are the same for all three and we have already got rid of

: (3.86)

Ay = / dLdy
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the constant normalization as we eventually compute the ratio. We then notice that in the
higher and lower bound, the integrands are independent of the angle ¢, hence the integral

over ¢ is also irrelevant.

In the region 1 < L < lﬂ we can explicitly compute the integrals in (3.86)) with respect

to L. More precisely, they become

1
Au(Lon) = —a 2j:a \/ (x+1)+ N CFa)vr+l avz+1 Lo (387)
\/ (x+1)—1 42z +1) 4

z = (2:> L, a= (2:)_1, (3.88)

where C' is some constant. The entangled region is given by

a

Al (mn) — A (0,n). (3.89)

However, since the value of L given by (3.81)) at the boundary of the entangled region is small

for large n, we can further approximate it as

a dAL(L,n) a
Ai<2(2n—|—1) ) A(On) = =7 22t

— (m + o<n2).> (3.90)

Note that the subleading terms are of order n=2, not O(a). On the other hand, the total

area, namely the area of the entangled region plus the separable region, is simply

(3.91)

Ac(1,n) —AL(0,n) =a (2\1/§log gti + %) :

Therefore, the ratio @), becomes

—n (2\/§log(\/§ +1) + 1) +0(1). (3.92)

If L is arbitrary, the answer is almost the same but we need to put the magnitude for the argument in
the logarithm.
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In summary, the ratio @),, linearly increases in n, hence, a pair of any two qubits in a
typical state in this configuration tends to be separable if n is large. We should contrast this
statement with the plane image in Figure where the areas of the separable region and

entangled region are comparable even in the large n limit.

3.2.7 Useful Technique for Further Investigation

At last, one might be wondering why no example above has all four eigenvalues of /pp
nonzero. It turns out that one of the eigenvalues is always zero for every 2-qubit density

operator reduced from a spin-n/2 pure state.

Lemma 3.2.5. Let |®,) be a spin-n/2 pure state defined by (3.14), and p be the density
operator for two qubits reduced from |®,) (®,|. Then, p has at most rank-3.

Proof. We can compute p by

p o ZZ CRHNRE LA AN 1E (3.93)
Sn—2 j=0  n—j J n—j—2 j

where we can assume that the sum is taken over the last n—2 qubits without loss of generality

because |®,,) is symmetric among all qubits. If we expand (3.93)) in the Dicke states, we have

Cka/
P2 )Y Z (o Toyiaaren (0 O -1 Q0: 011 - 1)
Sn—2 Sn  Sn 7=0 kk'= n—j—2 J n—k k
x (00---011---1/00---011---1), (3.94)
n— n—j-— J

where ¢, cp are defined by (3.15). Let us focus on the following factor

(00---011---1]00---011---1). (3.95)
S
n— n—j— J

This vanishes unless &’ is one of {j,j — 1,j — 2}. The resulting factors are respectively

(00, (01]+ (10|, (11}, (3.96)
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This implies that if we represent p in the basis {|00),|11),|B+)}, p never has nonzero com-

ponents with |B_) basis. This proves the lemma. O

Corollary 3.2.6. One of the eigenvalues of \/pp is always zero. Furthermore, let A1, Aa, A3
be nontrivially nonzero eigenvalues of \/pp. Then, an arbitrary pair of two qubits is separable

iof the following condition is satisfied:

C(p) = (A1 + X2+ A3) (A1 — A2+ A3) (A1 + A2 — Az) (A1 + Mg + A3)
2
— (7pp))” —27((p5)?) = 0. (3.97)
Proof. The operation o, ® o, do not mix terms between |B_) and the other three basis.

Indeed,
o, ®0,|B_) =|B_). (3.98)

Thus, p is also a rank-3 operator so is pp. This proves the corollary. O]

Although we did not use the criteria (3.97)) in the examples discussed above, this would

help us with investigating more complicated examples in the future.
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4 The Black Hole Information Paradox

Now we move on to the black hole information paradox and nonlocality of quantum gravity.

Ever since Hawking [7] discovered that quantum effects make it possible for black holes to
emit thermal radiation, there have been many discussions whether black hole evaporation is
unitary. Although Hawking [8] originally proposed a breakdown of unitarity, several signifi-
cant pieces of evidence in string theory, particularly the AdS/CFT duality [9], have motivated
us to probe the possibility of unitary black hole evaporation. Recently, however, Almheiri et
al [12] (see also [13]) pointed out another challenge of unitarity from quantum entanglement
perspectives, known as the firewall paradox. The paradox requires a modification of one
of three seemingly fundamental assumptions in physics, namely unitarity, locality and the
equivalence principle. Our goal in this section is to explain what the black hole information
paradox and the firewall paradox are. We will go through how they are introduced and give
perspectives from multiple points of view in order to accurately capture what the issues are.

The first step to understand the black hole information paradox must be to learn what
classical black holes are. Let us first review classical aspects of black holes, and then study
their quantum aspects and finally introduce the black hole information paradox. Discussions

below are mainly based on [39-45].

4.1 Classical Aspects of Black Holes

The most well-known type of black hole is probably a black hole described by the Schwarzschild

metric in four dimensions,

-1
ds? = — (1 — 2GM> dt? + (1 — QGM) dr? + r?dQ3. (4.1)
T r

Here, M is the mass of the black hole and dQ3 is the metric of of a two-dimensional sphere.
The Schwarzschild metric is asymptotically flat in the limit » — oo, the event horizon is
located at » = 2G' M which is simply a coordinate singularity, and a spacetime singularity is

inside the event horizon at » = 0. The role of the event horizon becomes clear in the Penrose
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diagram in the Kruskal-Szekeres coordinates.

Iy I

B

OX; 0X}

I° I°

W

Singularity (r = 0)

Iy Iy

OX| 0Xy

Figure 4.1: Penrose diagram of the Schwarzschild geometry. X is a conformal compactification of
the Schwarzschild geometry. The green-highlighted lines denote the event horizon. I° denote spatial
infinity, /= represent future/past timelike infinity, and X are future/past null boundaries. It is
clear from this diagram that no causal curve can escape from the black hole region B to reach either
future null infinity.

It is probably pedagogical to start with simple black holes such as the Schwarzschild black
holes or the Kerr black holes so that we can grasp fundamental properties and characteristics
of black holes. However, these are very well explained in almost all standard textbooks on
general relativity. Therefore, we rather review how to generally define black holes from a
purely geometric perspective. This view helps with understanding that the definition of the
event horizon is essentially nonlocal, but rather it is determined by the entire structure of

the corresponding spacetime. We closely follow [43] for most of definitions in Section [4.1]

4.1.1 Asymptotically Flat Spaces

We first formally define concepts of conformal transformations and asymptotic spaces. Note
that in this section, we call a pseudo-Riemannian manifold X, with metric g that locally

looks like Minkowski space R4, by a spacetime (X, g).

Definition 4.1.1. Two spacetimes (X, g) and (X, §) are said to be conformally equivalent

LM is also commonly used to denote a manifold, but we rather choose X to avoid a confusion because M
has been already used for the mass of the black hole in (4.1)
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if there exists a C>-map p : X — X such that the induced metric p(g) on X satisfies
p(g9) = Qp)~2§ where p € X and Q(p) is a nonnegative smooth function on X.

Definition 4.1.2. Given two conformally equivalent spacetimes (X, g), (X ,§) and the con-
formal map p where p(g) = Q(p) 2§ and p € X, X is called a conformal compactification of X
if X is a compact spacetime with boundary X, and if Q(p) satisfies Qpz =0, 0,955 # 0.

For example, a conformal compactification of the Minkowski spacetime in two dimensions
is given by

U =tan Yt+x), —=<UT<

ro |
bo |

, (4.2)

1

ds? = —dt?* + dz?) = —
plds +dar) cos2 Ut cos2 U~

dUtdu-, (4.3)

where (¢, z) are global coordinates of the Minkowski spacetime, while U* are null coordinates
of the compactified spacetime. See Figure for a pictorial understanding. It is worth

mentioning that every conformal compactification p : X — X is a bijective map except on

the boundary 9X.

=

r = —00 r =00

t=—0

Figure 4.2: A conformal compactification of the Minkowski spacetime in two dimensions. The left
diagram denotes the Minkowski spacetime in the glocal coordinates (t,x) whereas the right one is
in null coordinates of the compactified spacetime as defined in (4.2)).

Geometries of our interest are those that reduce back to the Minkowski spacetime in
some appropriate limit, so-called asymptotically flat spacetimes. Black hole geometries are
examples of those. To formally define such spaces, we first need to introduce asymptotically

simple spacetimes.

Definition 4.1.3. A spacetime (X, g) is said to be asymptotically simple if (X,g) is a
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conformal compactification of (X, g) such that each null geodesic in X begins and ends at

0X.

Black hole geometries are not fully asymptotically simple because of the existence of the
event horizon and the singularity. Some geodesics begin and end at X whereas others may
hit or come out of the singularity. Such spacetimes are indeed called weakly asymptotically

simple.

Definition 4.1.4. A spacetime (X, g) is weakly asymptotically simple if its conformal com-
pactification ()NC , §) possesses a subset U C X isometric to the neighbourhood of the boundary

of Y which is the conformal compactification of some asymptotically simple spacetime Y.

In other words, X is asymptotically simple in the region p~!(U), and it is not elsewhere.

Asymptotically flat spacetimes are asymptotically simple ones with one more condition.

Definition 4.1.5. A weakly asymptotically simple spacetime (X, g) is called asymptotically
flat if the metric ¢ in the vicinity of the pullback dX satisfies the Einstein’s equations with

an energy-momentum tensor that decreases sufficiently fast.

The definitions given above are needed for, roughly speaking, the regions far from the
black hole. One can similarly define asymptotically de Sitter spacetimes and anti-de Sitter
spacetimes respectively by adding the term of the positive or negative cosmological constant
into the vacuum Einstein equations. Next, we review causality, which is the most important

concept of defining black hole geometries.

4.1.2  Causal Structures and Black Holes
Let us remind terminologies of causal structures.

Definition 4.1.6. A causal curve is a curve whose tangent vector is either timelike or null

at each point.

Definition 4.1.7. Let @) be a connected set of points in a spacetime (X, g). Then, the causal
future (causal past) J7(Q) (J~(Q)) of @Q is the set of points for each of which there exists a

past-directed (future-directed) causal curve that intersects Q.
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Figure 4.3: A simple visualization of the causal future and past J*(Q) of a connected region Q.

Definition 4.1.8. Let @) be a connected set of points in a spacetime (X, g). Then, the future
(past) domain of dependence DT (Q) (D~ (Q)) of @ is the set of points such that for each of

which every past-directed (future-directed) causal curve intersects Q.

Figure 4.4: A simple visualization of the future and past domain of dependence D¥(Q) of a con-
nected region Q.

A goal of physics, or science in general, is to uniquely predict the future or retroduce the
past from the current data. A mathematical structure that incorporates such a goal is called

a globally hyperbolic spacetime.

Definition 4.1.9. A Cauchy surface is a non-timelike hypersurface that is intersected by
each causal curve exactly once. A partial Cauchy surface is a non-timelike hypersurface that

is intersected by each causal curve at most once.
Definition 4.1.10. A spacetime (X, g) is globally hyperbolic if it admits a Cauchy surface

Roughly speaking, a Cauchy surface makes it possible for us to set a well-defined time
slice, and accordingly we can define a bijective map among the past, present and the future.
Thus, globally hyperbolic spacetimes equip ideal structures for physics. At the same time,

observers at future null infinity in a black hole geometry only have access to a part of messages
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sent at past null infinity because some will go behind the horizon and hit the singularity.
This leads us to define a spacetime whose J~(0X*) is well-behaved but does not include the

entire spacetime.

Definition 4.1.11. Let (X, g) be an asymptotically flat spacetime and (X, §) be its confor-
mal compactification. (X, g) is said to be strongly asymptotically predictable if there exists
an open subset V C X such that the closure of X N J~(0X ™) taken in X is contained in V
and that V is globally hyperbolic.

A strongly asymptotically predictable spacetime consists of two subspaces; a space where
the observer at the future null infinity could see and a space invisible to the observer. The

latter is none other than the black hole region.

Definition 4.1.12. A strongly asymptotically predictable spacetime (X, ¢) has a black hole
if its compactification X is not contained in J~(dX*). The black hole region B C X is
defined by B = p~*(X\J~(0X*)). The boundary of B is called the future event horizon.

Note that strongly asymptotically retrodictable spaces are similarly defined by replacing
XNJ (0XT) with X nJT(0X ™). A white hole and the past event horizon are also defined

accordingly.

4.1.3  Naked Singularity

How does a spacetime look like if it fails to be strongly asymptotically predictable? No-
tice that the condition on the closure of X N J~(0X™) guarantees the predictability of the
neighbourhood of the event horizon. In other words, the failure of strongly asymptotically
predictable implies the existence of a naked singularity where we are not able to predict

anything in the neighbourhood.

Definition 4.1.13. An asymptotically flat spacetime (X, g) possess a naked singularity if it
fails to be strongly asymptotically predictable.

As of today, it is widely believed in physics that the Big-Bang singularity is the only

naked singularity in our universe. This is called strong cosmic censorship.
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4.1.4 Apparent Horizons

There is another notion of a horizon defined locally, the so-called apparent horizon. We first

formally define the apparent horizon.

Definition 4.1.14. Let ¥ C X be a Cauchy surface of an asymptotically flat spacetime X,
and B C X be a compact spacelike submanifold of co-dimensions 2 with the induced metric
~. Suppose 64 are two future-directed null vectors normal to B, then the submanifold B is
called a trapped surface if both V;0, are nonpositive everywhere over the submanifold. A
region T of ¥ inside the trapped surface B is called a trapped region, and the boundary of

the union of all trapped regions T' on X is called the apparent horizon on .

As B is a compact spacelike submanifold of co-dimension 2, there is a notion of inward-
and outward-pointing, which is basically represented by spatial components of 6. in the
above definition. Essentially, V;0% tell us whether the trajectories of 6. are expanding or
contracting. The geometric meaning of the apparent horizon becomes the most evident when
we consider the time evolution cross section of > and a submanifold B. More precisely, let
Y be a one parameter family of Cauchy surfaces, and let B; C ¥; be a trapped surface at a
given moment t. One can interpret the time evolution of B; as future null geodesics emitted
from B;. Then, if one computes the change of the cross-sectional area of By in time, V6%, < 0
everywhere implies that the area is indeed contracting in time. In contrast, for example, if
one considers such a scenario for an ordinary spherically symmetric surface of co-dimension
2 in Minkowski spacetime, then V;0" > 0 and it is expanding as expected.

Note that the apparent horizon precisely corresponds to the event horizon for stationary
black holes. However, their differences appear if we consider, for example, a formation of a

black hole by a gravitational collapse of a shock wave whose metric is given by

2GMO(v —
ds? = — (1 _ @7{” ”°)> dv? + 2dvdr + r2dQ0 !, (4.4)

where ©(v — vg) is the step function. The region for v < v° is the flat Minkowski spacetime,
while that for v > vy corresponds to the Schwarzschild metric in the ingoing Eddington-

Finkelstein coordinates.
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r=0 [T
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Figure 4.5: Penrose diagram for a black hole formed by spherically symmetric collapse of a null
shock wave. The red-shaded region 7'U T is the black hole region. The region T is always inside
the apparent horizon whereas a part of the region T can be outside of the apparent horizon which
depends on the choice of a Cauchy surface.

4.2 Quantum Field Theory in a Curved Spacetime

Let us now study quantum aspects of black holes based on quantum field theory in curved
spacetimes’] We first introduce a few elementary settings of quantum field theory in curved
spacetimes, particularly those different from flat spacetimes. Then, we briefly review the
Unruh effect and Hawking radiation, which leads us to the black hole information paradox.
The basic idea of quantum field theory in curved spacetimes is essentially the same as
that in flat spacetimes, but we need to define inner products, and mode expansion with care.
For simplicity, we consider a free massless scalar ¢ in a curved spacetime (X, ¢g) of dimensions

d+1
5 =3 [ #av=5g"0,0(2)0,0(a). (45)

The equations of motion for ¢ is simply
gV, V,o(z) = 0. (4.6)

Let us assume that there exists the complete set of solutions of (4.6) in an open set

2This is different from quantum gravity because the background spacetime is assumed to be fixed, that is,
the metric is not quantized.



60 4.2. Quantum Field Theory in a Curved Spacetime

U C M parametrized by a continuous set of variables k, and we denote the set as { fx(z)}.
It is easy to show that the following current j*( fi,, fx,) for fx,, fk, € {fx} is conserved with

the equations of motion (4.6

j#(fku fk2) = Z.\/__gglw(fhal/fb - szal/fh)a vlvbj#(fku fk2) =0, (47>

where fy, is the complex conjugate of fi,. Then, we define the conserved charge of this

current as the inner product of fy,, fx,:

Definition 4.2.1. Let U C X be an open set equipped with a complete set {fx} of the
solutions of (4.6), and V; C U be a partial Cauchy surface. The inner product of fy,, fx, €
{fx} is defined by

<fk17fk2> = /V ddjjo = Z/V ddf \/__ggoy(fmausz - szaufk1)' (48)

Note that this definition ensures that the inner product is preserved in time because
this is the conserved charge of the conserved current (4.7)). In particular, if we choose an

orthonormal basis, the inner products obey
<fk17.fk1>:07 <fk1vfk2>:_<fk1>fk2>:<fk2>fk1>:6<k1_k2)' (49)

We now proceed with the canonical quantization of ¢. For an open set U C X with

coordinates (2°, %), let (z) be the conjugate momentum of ¢ defined by

0S
™) = o)

(4.10)

Then, we require (¢, ) to obey

[¢($O, f)a (b(xO? g)] =0, [W(x0> f)v 7_‘_(1,0’ 37)] =0, [77(3;07 f)v (b(wO? g)] = iéd(f - g) (4'11)

Unlike the case in flat spacetime, we cannot generally write down the explicit form of

{fx(x)} even if we choose the metric. However, one can still, in principle, consider an anal-



Chapter 4. The Black Hole Information Paradox 61

ogous mode decomposition of ¢(x) into positive frequencies fix(x) and negative frequencies

fi(x) in the same spirit as we do in flat spacetimes.

o@)l = [ dk(onfile) + alfle)), (4.12)

[, a] =0, [af,al,] =0, [ax, al] = d(k — k), (4.13)

where dk includes an appropriate measureﬂ For some asymptotic regions, we can approxi-
mate the form of { fx(z)} and explicitly decompose the scalar field into positive and negative
frequency modes.
At last, we define a vacuum state |0), in terms of the annihilation and creation operators
{ax, a} by
ax [0) = 0. (4.14)

All excited states are given by acting creation operators aL on the vacuum state |0),. The

number operator Ny of each mode is given by
N = af a. (4.15)

4.2.1 Bogoliubov Transformation

All the discussions above seem essentially the same as those in flat spacetimes besides some
computational difficulties due to the non-flat metric. However, the crucial difference between
quantum field theory in flat spacetimes and that in curved spacetimes appears in the definition
of the vacuum state . In short, the vacuum depends on the motion of observers and
this is known as a consequence of the Bogoliubov transformation.

Let us consider another open set V' C X with coordinates (z°, Z) where U NV # 0. We
need to take another complete set {g(z)} of solutions in these coordinates for the mode
expansion. More precisely, ¢(x)|y is given by a set of annihilation and creation operators
Ay, AL as

sl = [ dk(Agilo) + Agala), (4.16)

3For example for Minkowski spacetimes, dk = d%k/ kt/?
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where Ay, AL should satisfy exactly the same commutator relations
(A, Ai] =0, [AL ALl =0, [Ag Al =6k —K). (4.17)
Accordingly, we define the vacuum state |0) , in terms of the modes Ay, AL as
A 0), =0, (4.18)
and the number operator N{ in terms of these modes is
NE = Al Ay (4.19)

In the region U NV, a set of solution {gk(x)} can be given by linear combinations of

{fx(x)} as both of them form complete sets. Let us define such linear combinations as
Jx = /dk(ck’kfk + Dk’kfk)7 Jx = /dk<Ck’kf_k + Dk’kfk)u (4.20)
where the orthonormality of {f x(z)} and {gk(x)} requires Cyx, Dwx € C to satisfy

/dl(C’kIC’kq — DkIDk’l) = (5(1{ — k/), (421)

/dl(Ck]Dkq — Ok’lel) = 0. (422)
Conversely, the modes ay, alT{ and Ay, AL are related as
ax = /dk/(ék/kAk/ + Dk’kAL’)7 Ak/ = /dk(Ck/kak — Dk/kalt). (423)

Linear transformations that preserve commutator relations are called Bogoliubov transforma-
tions.
To see whether the vacuum state for an observer in U agrees with one in V', we need to

check the following quantity

(0], N |0), = /dk’|Dk,k|2. (4.24)
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If this is zero, the two vacuum states |0), and |0) , are equivalent. If not, they are different.
Notably, the vacuum for an observer in U is interpreted as an excited state in terms of an

observer in V. In other words, it is generally impossible to define a universal vacuum stateﬂ

4.2.2  Lorentz Transformation

First of all, let us evaluate for two observers in Minkowski spacetimes in arbitrary
dimensions where they are related by a Lorentz transformation. This is the case that we
normally consider in quantum field theory in flat spacetimes. One way to do so is to ex-
plicitly compute the coefficients Cyr, Dy to show Dy = 0. However, this is actually
straightforward without computation. The mode expansion or is based on the

decomposition of the scalar field into positive and negative frequency solution

6—i(w1cI0—E‘f)’ ei(wkxo'*‘]g‘f) (4.25)

where wy, > 0. Then, we know that every Lorentz transformation preserves the sign of the
frequencies w, > 0. As a consequence, creation and annihilation operators would not be
mixed by any Lorentz transformation either; hence, the vacuum state is uniquely determined

for all Lorentz observers.

4.2.3  Unruh Effect

The Unruh effect [46,[47] shows that a uniformally accelerating observer feels some tempera-
ture even though a free moving observer does not. Strictly speaking, the Unruh effect is not
a quantum effect in a curved geometry, but it indicates an ambiguity of the definition of the
vacuum state even between two coordinates in Minkowski spacetime.

The Unruh effect computes between the global coordinates (2°, 2!, 2%, ---) and the
Rindler coordinates (¢, p, 2, - -+ ) where they are related by

2" = psinhv, ' = +pcoshp, (4.26)

41f there is an everywhere-timelike Killing vector field, one can still have a universal vacuum by choosing
that direction to be the time coordinate.
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d$2 _ _dewQ + dp2 + (d$2)2 + ... (427)

1

where p > 0, and p=" > 0 is the magnitude of the proper acceleration measured by an

observer at fixed p.
, p = const

e 1 = const

Figure 4.6: The Rindler coordinates in two dimensions. The red lines denote constant 7 and the
blue ones denote constant p.

What we need to do is to write down the equations of motion (4.6]) in both coordinates,
to obtain a complete set of solutions in respective coordinates, and to find linear coefficients

Cyk, Dix. We leave the detail computation to [46,/47], and instead simply give the result

1

e2nwg/a _ 1’

<O’M N1§|0>M ~ (4-28)

where |0),, is the vacuum state defined in the global cooridnates and wy, is the frequency
observed in the Rindler coordinates. This is precisely the same form as the black body
radiation of temperature

a

Ty = —. 4.29
v 21 ( )

Therefore, this suggests that the Rindler observer would feel thermal temperature even
though the Minkowski observer sees nond’}

Let us emphasize again that the derivation of the Unruh effect has nothing to do with
quantum field theory in curved spacetimes. However, the fact that the Schwarzschild metric
in the vicinity of the horizon is approximately flat indicates a close link between the Unruh

effect and Hawking radiation. Indeed, the Unruh temperature and the Hawking temperature

5Strictly speaking, one needs to show that the Green functions have an imaginary time periodicity to
conclude that this is a thermal effect.
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coincide if we choose the acceleration a to be the surface gravity of the horizon of a black

hole.

4.2.4 Hawking Radiation

Hawking [7] considered in the scenario of the gravitational collapse of matter. More
precisely, he compared a set of solutions at past null infinity 0.X~ before the formation of the
black hole with another set of solution at X after the formation. The Penrose diagram
of a matter collapse is similar to Figure [4.5| Hawking’s original argument took account
of the gravitational blue shift as well as gravitational scattering, and analyzed how these
effects would contribute to (4.24). However, he ignored interaction between the matter and
radiation for simplicity. We leave detailed discussions to |7], or Section 4 in [42], and simply

summarize the result here:
1
687rGM7rw _ 1’

(0] N7 10)_ ~ (4.30)

where |0)_ is the vacuum at the past null infinity and N is the number operator of the
frequency w for the observer at the future null infinity. Therefore, the observer at future null

infinity would interpret this equation as if there would be radiation of temperature

1
Ty = : 4.31
" 8nGM (4.31)
Accordingly, the Bekenstein-Hawking entropy is determined as
A
Sy — 1 4.32

where [, is the Planck length defined by lf, = Gy.

Note that Bekenstein [50] had conjectured that the black hole entropy would be propor-
tional to the area of the horizon based on black hole thermodynamics, but he could not figure
out the right coefficient. Then, Hawking successfully determined the coefficient of the black
hole temperature, which induced the coefficient of the entropy. At the same time, Hawk-

ing’s argument is not sufficient enough to show that this entropy has a statistical mechanical
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meaning, namely, the number of states of a black hole. The firstff| statistical mechanical evi-
dence was shown by Strominger [48] in the context of the AdS/CFT conjecture [9] proposed
by Maldacena. More precisely, Strominger compared the BTZ black hole entropy with the

statistical mechanical entropy of the corresponding CFT in two dimensions.

Remark 4.2.2. There are criticisms that the Hawking original argument is unphysical be-
cause the interaction between the blue-shifted modes and the collapsing matter would be
super-Planckian. This point itself is relevant. However, the formula is still widely believed
to be true because the foundation of Hawking radiation is the horizon structure, and the
derivations from other perspectives have agreed with his original result . For example,
see Section 3 in [44] where Polchinski compared the observer at infinity with an infalling

observer at the Schwarzschild geometry in two dimensions and showed the same result.

4.3 The Black Hole Information Paradox

Let us now explain what the black hole information paradox is. We start with a sufficiently
large black hole of radius R > [, in four dimensions where [, is the Planck length. Then,
the Hawking temperature formula implies that a typical Hawking quantum has energy
ey of order ey ~ Ty ~ 1/R. As the energy of the black hole is of order M, the number
of quanta stored in the black hole is approximately M /ey ~ R?/ lg which agrees with the
Bekenstein-Hawking entropy formula. Also, the time for such a quantum to come out from
the black hole is of order ¢t ~ R due to the time-energy uncertainty principle.

Since the time scale for Hawking radiation is very slow, ¢ ~ R, for a sufficiently large
black hole, we can apply the Hawking argument to a dynamical gravitational system of slow
evolution. More precisely, suppose a black hole is created due to a gravitational collapse,
then Hawking radiation takes the energy out of the black hole little by little and makes it
possible to get the black hole to shrink to a smaller size. This scenario seems relevant at least
until when the black hole becomes as small as the Planck length where the Hawking analysis
would require some modifications. However, let us assume the black hole keeps emitting

radiation and completely evaporates away at the end. Would it give some issues?

5To the author’s best knowledge.
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It is important to notice that derivations of Hawking radiation, not necessarily the original
one, are given by considering only outside the horizon. Accordingly, the no-hair theorem
strongly suggests that the characteristics of radiation are completely independent of the
structure of the collapsing matter. This is problematic. Suppose an observer who has stayed
outside the horizon during the entire evolution collects all the radiation emitted by the black
hole. Then, since the radiation carries no information about the collapsing body, s/he will
not be able to reconstruct quantum information about the collapsing body. The information

seems lost.

4.3.1 The Unitarity Crisis

One can rephrase the issue in a more quantitative manner from a quantum information
theory perspective. Suppose the initial collapsing body is described by a pure state |C). It
is a fundamental assumption in physics that evolution of states is determined by a unitary
operator U, hence, any pure state remains to be a pure state during the evolution. In
particular, there would exist a unitary operator Ug describing black hole evolution that maps
the initial pure state |C) of the collapsing body to another pure state |R) of the collection of
radiation such that |R) = Ug |C).

On the other hand, Hawking radiation is entangled with its Hawking partner, which
generates the entanglement between the system inside the horizon and outside. The more
the black hole emits radiation, the greater the van Neumann entropy of the outside system
becomes. Note that this fact itself is not an issue because the bipartite state of inside and
outside can remain to be pure. However, if the black hole completely evaporates away, the
outside system becomes the entire system whose von Naumann entropy is nonzero. This
implies that the initial pure state |C') has evolved into a mixed state, hence, such black hole
evaporation cannot be described by any unitary operator.

For this reason, the black hole information paradox is, in some literature, called the
unitarity crisis. As discussed in Section [2.1.4] however, unitarity seems very fundamental
in quantum mechanics. Is there any way of preserving unitarity? One idea is so-called
nonlocality. In short, nonlocality proposes that Hawking radiation can somehow carry the

information from the inside to the outside. In this sense, we violate causality of the quantum
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level. We will study the idea of nonlocality in length in Chapter

4.3.2  Gravitational Remnants

Before jumping into the firewall paradox, let us mention the gravitational remnant. For the
process of black hole evaporation, one may claim that it is wrong to assume that a black
hole keeps evaporating after reaching the Planck scale, and maybe it stops shrinking because
the semiclassical approximation is expected to break down at this scale. In this way, the
bipartite system of the remnant and the system outside remains to be pure and there is no
issue from this point of view.

However, this raises another issue. Since the initial black hole could have been arbitrar-
ily large, there should be arbitrarily many Planck-size-remnant states. This suggests that
remnant states are thermodynamically favoured (higher entropy) due to the second law of
thermodynamics, and that they should be produced at high rate if this scenario were correct.
However, we have never observed such states on experiments in laboratories as of today. In
addition, if we interpret the Bekenstein-Hawking entropy formula in statistical mechanical
perspectives, then the number of remnant state would be of order ~ 1, not arbitrarily many.

It might be also worth mentioning here that the firewall issue seems to appear sufficiently
before the black hole gets shrunk into the Planck scale, so we would first need to consider

resolutions of the firewall paradox anyway.

4.4 Unitary Black Hole Evolution

It would be helpful to model qualitatively how unitary black hole evolution would proceed,
starting with a set of plausible assumptions. Note that of course there is no universally
accepted process because of the lack of the knowledge of quantum gravity. However, a widely

supported scenario was proposed by Page [49], and we shall review his idea below.

4.4.1 The Page Curve and The Page Time

The Page curve and the Page time are potential characteristics of unitary black hole evolution

introduced in [49]. His analysis focuses on three types of entropies in time, namely the
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Bekenstein-Hawking entropy Sgg, the von Neumann entropy Sy of the set of emitted Hawking
radiation, and the entanglement entropy Sg between the systems inside and outside the
horizon. Here, we are not splitting these two systems sharply on the horizon, but rather,
the system outside the horizon can be thought of as the system with, for example, » > 3R
where R is the radius of the black hole. This is a relevant approximation because the region
R < r < 3R is effectively empty unless there are some incoming particles. Hence, by not
considering this region, there is, for the ‘entanglement entropy’ Sg between the region r < R
and the region r > 3R, no typical UV divergent of entanglement entropy that would appear
between two adjacent systemsﬂ

Let us consider black hole evaporation such that a sufficiently large black hole is created
from gravitational collapse without leaving anything outside the event horizonﬂ We further
assume the initial state is pure, but we do not require unitarity for now. At the moment
of the creation, the Bekenstein-Hawking entropy Spy is given by whereas the von
Neumann entropy Sy of the system of Hawking radiation is zero because nothing has been
emitted. During the evaporation, Sgy decreases while Sy increases due to the entanglement
between the Hawking quanta and their partners falling towards the singularity. Eventually,
we would have Spy = 0 and Sy >> 1 when the evaporation is completed. Schematically,
these entropies are represented in the following figure 4.7]

The Page conjecture claims that the ‘entanglement entropy’ Sg between the systems
inside and outside the horizon initially increases in the same rate as Sy that is the von
Neumann entropy of Hawking radiation for non-unitary evolutionﬂ, i.e., the red curve in
Figure However, Sr would be maximized around the time where S w and Sy cross,

instead of monotonically increasing as Sy does. After that, Sg starts decreasing by following

"Actually, Sk is half the mutual information of these two regions since their union is entangled with the
region R < r < 3R, so their joint state is not pure. However, the region R < r < 3R is generally fairly empty
except for vacuum fluctuations that do have strong quantum correlations across the boundaries at r = R and
r = 3R. We generally ignore R < r < 3R and say that » < R and r > 3R effectively form a pure state.

8This is just for simplicity. If there are some objects outside the horizon at the moment of the black hole
creation, the initial entanglement entropy between the systems inside and outside would be nonzero, though
it is expected be much smaller than the Bekenstein-Hawking entropy.

98y can be viewed as the coarse-grained entropy of the Hawking radiation, ignoring quantum correlations
between radiation modes and just summing up the von Neumann entropies of the individual modes. It is
important to distinguish Sy and Sy because the entanglement entropy of Hawking radiation is not expected
to monotonically increase in unitary evolution. Rather, The Page conjecture claims Sy = Sg if there is
nothing outside the horizon when the black hole is formed.
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Figure 4.7: The Bekenstein-Hawking entropy Sgp and the Hawking radiation entropy Sy as func-
tions of time in the semiclassical approximation, i.e., non-unitary evolution.

the curve of Spy (but it is expected to obey Sg < Spu). Therefore, the system outside the
horizon ends up being pure again at the end, and unitarity is preserved. The time where Sg
is maximized is called the Page time tp and the curve Sg as a function of ¢ is called the Page

curve. Pictorially, the Page time and the Page curve are given as follows
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Figure 4.8: The Page curve for the ‘entanglement entropy’ Sg and the Page time ¢p for unitary
black hole evolution.

Additionally, Sgy is conjectured to serve as the upper bound of Sk from a statistical
mechanical point of view. That is, we assume that the Hilbert space describing the system
inside the horizon has dimension approximately e“84. Furthermore, since the Hilbert space
of the black hole becomes effectively smaller than that of the rest of the system after the Page
time, the average entropy theorem [30] (Theorem suggests that the black hole system
is nearly maximally entangled with the rest of the system, Sg ~ Sgg. This approximation is

also supported by the concept of black hole fast scrambling [51]
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4.4.2  Black Hole Complementarity

Let us consider the following thought experiment in unitary black hole evolution that gives
us great insight into black hole evaporation. Alice and Bob are originally located outside the
event horizon and Alice will jump through the horizon with some quantum message. Alice
will send the message to Bob once she crosses the horizon via some photons. Obviously,
Bob will never detect the photons as long as he stays outside the horizon, but he could if
he gets inside. Meanwhile, Bob has a machine that can collect any quantum information
from Hawking radiation with arbitrarily high accuracy. In particular, he will be able to
collect Alice’s message through Hawking radiation and will jump in immediately after that.
Following this process, Bob will be able to have two identical quantum information, one from
Hawking radiation and the other from the message sent by Alice, which seems to violate
the no-cloning theorem (Theorem . Is this another challenge to unitary black hole

evolution? The figure below shows the thought experiment in the Penrose diagram.

singularity

horizon

A
n . L
’»%  Hawking radiation
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’
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’
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Figure 4.9: The cloning scenario: Bob will pick up the information of the Alice’s message through
Hawking radiation (dashed arrows), and detect her message inside the horizon (the green-highlighted
dashed line).

This is where the concept of black hole complementarity [52,53] comes in. It is important
to notice in the above thought experiment that Alice needs to send her message to Bob
shortly after she crosses the horizon, otherwise it will hit the singularity. In addition, Bob
also needs to collect Alice’s information through Hawking radiation quick enough before the

message sent by Alice hits the singularity. The time ¢ within which Bob has to complete
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the entire process is estimated to be shorter than of order

R
tp < Rlog T (4.33)
P
where R is the radius of the black hole. On the other hand, the shortest time tg that the

Alice’s information is carried out through Hawking radiation would be of order [51]

ts ~ Rlog —l]_% (4.34)
P

This suggests that Bob cannot check the violation of no-cloning theorem. This is the spirit
of Black hole complementarity, that is, no single observer cannot tell whether the no-cloning

theorem is violated.

4.5 The Firewall Paradox

Even though the mechanism of unitary black hole evaporation had not yet been known, Page’s
argument and black hole complementarity gave hope that black hole evaporation could be
indeed unitary. However, Almheiri et al [12] (see also [13]) recently raises another objection
to unitarity, known as the firewall paradozx.

The firewall paradox shows the mutual inconsistency of the following three assumptions:

e Assumption 1: There exists a unitary operator which describes black hole evaporation

from a gravitational collapse.

e Assumption 2: Outside the stretched horizon of a massive black hole, physics can be

described to good approximation by a set of semi-classical field equations.

e Assumption 3: A freely falling observer experiences nothing out of the ordinary when

crossing the horizon.

We illustrate their argument below.
Unitary black hole evaporation would follow the Page curve (Assumption 1), and we par-
ticularly consider the case where the black hole is still sufficiently large after the Page time.

Recall that the system describing inside the horizon would be nearly maximally entangled
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due to the average entropy theorem [30,31] and the black hole scrambling [51]. Then, a new
Hawking quantum coming out of the horizon should be nearly maximally entangled with
the system outside because information transfer beyond that obeying causality is forbidden
outside the stretched horizon (Assumption 2). Meanwhile, a smooth horizon implies the
maximal entanglement of the two modes just inside and outside the horizon, which is equiv-
alent to saying that the modes just inside and outside the horizon are created by a vacuum
fluctuation (Assumption 3). However, this contradicts to the monogamy of entanglement
(Theorem [2.2.7)).

It is crucially important to notice that the inconsistency regarding the monogamy of
entanglement can be confirmed by a single observer. That is, suppose Alice has stayed
outside until the Page time, and she has collected all the quantum information emitted
through Hawking radiation earlier. Then, she freely falls towards the black hole and observes
the entanglement of a new Hawking quantum where this measurement itself should be done
far from the horizon. If she finds that it is entangled with the system outside, she faces
her fate that she will be burnt out at the horizon when she reaches there. If she measures
no entanglement, then she recognizes that either locality or unitarity should be violated.
Therefore, black hole complementarity is not sufficient to avoid the firewall argument. One

of the three assumptions should be modified.

4.5.1 What to give up?

As mentioned in Section [2.1.4] unitarity in quantum mechanics is a very fundamental concept
in terms of predictability and the probability interpretation. Out of many arguments that
support unitarity, the most prominent one is coming from the AdS/CFT conjecture |9 that
emerged from string theory. Very simply speaking, it conjectures that a theory with quantized
gravity in the asymptotically anti-de Sitter spacetime of dimension d+ 1 is dual to a unitary
conformal field theory in dimension d where the latter does not include gravity. If quantum
gravity is a universal framework that is applicable to all asymptotically flat, de Sitter, and
anti-de Sitter spacetimes, then unitarity in asymptotically anti-de Sitter spacetimes would
suggest that unitarity is indeed a fundamental axiom of quantum gravity.

Also, curvature invariants such as the Kretschmann scalar for a sufficiently large black
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hole is very small around the horizon. Thus, it is very surprising if any severe quantum effect
appears near the horizon where classical field equations are expected to work well. Further-
more, if the firewall were located at the event horizon, that would imply that the location is
determined nonlocally because the event horizon cannot be defined unless the entire space-
time structure is known as explained in Section 4.1 Therefore, we might encounter a firewall
tomorrow without warning. This is, in my opinion, a very radical proposal. m

These reasons have led me to explore modifications of Assumption 2. Sometimes, attempts
of modifying Assumption 2 are summarized as nonlocality of quantum gravity, and we will

discuss them in the next section.

10“Drama” is sometimes refereed to as the breakdown of the equivalence principle in a sense that a free
falling observer would experience something extraordinary. This is, strictly speaking, not equivalent. For
example, we would encounter a firewall-like situation if someone in the past sent a strong shock wave towards
the future. We have no way to know such a shock wave is coming in prior, yet the equivalence principle is
still consistent with this type of scenarios.
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5 Nonlocality of Quantum Gravity

In short, an intuitive idea of nonlocality is to allow information transfer beyond the classical
understanding of causality. This might sound like a radical idea at first glance because you
might imagine particles moving faster than the speed of light. However, what we actually
mean by nonlocality is more delicate. Our attitude towards the firewall paradox is to develop a
minimal departure from standard local quantum field theory inspired by the idea of nonviolent

nonlocality [5455].

5.1 Nonlocal Qubit Model

Since it is still a great mystery what quantum gravity is, a wise approach is to construct simple
models fitting reliable requirements. Locality has been confirmed to be a good approximation
in experiments in laboratories where gravity is negligibly small. Therefore, we would first
like to confine the nonlocal effects into the gravity sector so that there is no contradiction
to today’s experiments. Following such a philosophy, Page and I proposed a nonlocal qubit
transfer model for unitary black hole evaporation without firewalls [2]. Other papers such
as [56-62] also discuss qubit models in a variety of ways, but what’s particularly unique in

our proposal is how to incorporate nonlocality. We will review our model below.

5.1.1 Settings

Let us consider a black hole of area A when it is created without incoming particles in
the future. Interpreting the Bekenstein-Hawking entropy formula from statistical mechanics

perspectives, the Hilbert space that describes such a black hole has dimensions

A

d=e®  Spy= =g (5.1)
P
Let us assume for simplicity that there exists an integer N that satisfies
S
N =20 (5.2)

~log2’
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Then before the black hole forms, we assume that we have a Hilbert space of dimension 2V in
which each state collapses to form a black hole whose gravitational field can be represented

by N qubits.

We assume that we have a pure initial state represented by the set of 2V amplitudes
Agigo..qn, Where for each ¢ running from 1 to N, the corresponding ¢; can be 0 or 1, repre-
senting the two basis states of the ¢th qubit. We label these qubits by a;, i.e., ’C.Ii>ai- Thus,

the initial state is given as

W) = Z Z T Z Agiga.an H |Qi>ai : (5.3)

q1=0 g2=0 gn=0

Let us assume the amplitude is chosen at the moment the black hole forms. We further
assume that this state is rapidly scrambled [51] by highly complex unitary transformations
during the formation, so that generically a black hole formed by collapse, even if it is initially
in a pure state, will have these N qubits highly entangled with each other. That is, if we
take a partial trace over all but one qubit, the entanglement entropy will be very close to
log 2 which follows Definition . Note that the total state remains to be pure no matter
how complex the scrambling unitary operation is. Only the reduced density operator will be

mixed by such an operation.

In addition to these N qubits, we introduce another 2N qubits that correspond to the
smooth horizon state. More specifically, we consider N pairs of the singlet Bell state (3.34)

I8 (5.4

where b;, ¢; denote the system just inside and just outside the event horizon. We define this
specific singlet Bell state as the vacuum state as seen by an infalling observer. The maximal
entanglement of this Bell state indicates the maximal entanglement between just inside and
just outside the horizon. In other words, if the observer sees anything different from |B_),
it is not the vacuum any more. We explicitly assume that infalling observers do not see
any drama on the horizon and will only encounter the vacuum state. These states gives

no contribution to the Bekenstein-Hawking entropy Sgy = NV log 2, though we need to have
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N such pairs for our model. This is not an essential part, but one can interpret each Bell
vacuum state (5.4)) as describing the smooth horizon approximately per Planck area, hence

there should be N such states. See |63 for an argument for justifying this assumption.

Therefore, we start with the following initial state

W) = Z Z T Z Aqge.an H ’qi>ai H |B*>bici : (5.5)

q1=0¢g2=0 gn=0

Keep in mind that the systems labelled by a; represent the gravitational degrees of freedom,
b;, ¢; denote the system just inside and just outside the event horizon. As we will explain
below, however, the systems ¢; change their role from ensuring the smooth horizon to de-
scribing outgoing Hawking quanta once the black hole starts evaporating. Accordingly, the

role of the systems b; turn to representing infalling Hawking partners.

5.1.2  Subsystem Transfer

From the initial state defined as in (5.5)), we now consider when the black hole starts emitting
Hawking radiation. Since the rate of Hawking emission is expected to be very slow, it is a
good approximation to assume that Hawking quanta are coming out one by one from the

horizon to radial infinity. One can model this scenario in our setting as follows.

Pick |B), ., that represents the vacuum state localized on the horizon. Then the system
c1 just outside the horizon will start moving towards radial infinity, and the system b, starts
falling towards the singularity instead. In this view, the systems c;, b; are not localized on
the horizon anymore, but rather they represent a localized Hawking mode and its partner

respectively. See Figure to grasp the transfer of the role of the system by, ¢;.

In addition, we would like to assume that black hole evaporation is unitary. This requires
that Hawking quanta after the transfer should have the information of the initial collapsed
matter. Mathematically, this means that one of qubits |q1>a1 of the gravitational degrees of

freedom and the vacuum state |B_), . satisfy

|q1>a1 ’B_>b1C1 —> |B_>a1b1 |Q1>Cl 7 (5-6)
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- 1horizon

Figure 5.1: Hawking radiation in the ingoing Finkelstein-Eddington coordinates where dotted lines
denote ingoing null lines. The red and blue wave represent a negative and positive energy outgoing
mode respectively. The system b1, ¢ at the initial moment describe the superposition of all vacuum

fluctuation. After the transfer a physical radiation is labelled by ¢; and its infalling partner is
labelled by b;.

up to some overall phase. This type of swapping of qubits is called subsystem transfer.
After the transfer , the system c¢; encodes the information of the black hole, whereas
the system by is confined in the vacuum singlet Bell state with the system a;. This state can
then be omitted from the analysis without any loss of information. In this way we can model
the reduction in the size of the black hole as it evaporates by the reduction of the number of
black hole qubits. We might say that each such vacuum Bell pair falls into the singularity,
but what hits the singularity in this model is a unique quantum state, similar to the proposal

of Horowitz and Maldacena [64]

5.1.3 Key Proposal of Nonlocality

The new assumption of this model is that instead of simply saying the interaction for the
transfer itself is nonlocal, we propose that gravitational degrees of freedom represented
by qubits a; are nonlocal. The area of these nonlocal qubits is called the zone in some
literature |65,/66] that may or may not be compact but spreads at least of the order of the
radius of the black hole. In this assumption, the radiation qubit ¢; that propagates outward
interacts locally with the qubit a; representing the nonlocal black hole gravitational field, in

just such a way that when the mode gets out of the zone, the quantum state of that radiation
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qubit is interchanged with the quantum state of the corresponding black hole gravitational
field qubit. This is a purely unitary transformation, not leading to any loss of information.

Let us consider the unitary operator describing such a transfer. We define P,,., =

|B_)4,e, {B-la,e,- Then, the following unitary operator U(f) gives the subsystem transfer

(5.6)

U(0) = exp (—i0P,,e,) = Ine, + (€ —1)Py,e, (5.7)
U(O) |q1>a1 |B_>b101 = |q1>a1 |B_>b101 9 (58)
U(T)1q1) 0y 1B=)pyey = = 1B=)ayp, 101)e, (5.9)

where I is the identity operator and 0 < # < w. Note that U(#) implicitly contains the

identity operator acting on the system b;.

The 6 parameter of the unitary transformation controls how fast the transfer occurs.
We might suppose that as the radiation qubit ¢; moves outward, it is a function of the
radius r that changes from 0 at the horizon to 7 at radial infinity. For example, one could
take 0(r) = w(1 — K/K}), where K is some curvature invariant (such as the Kretschmann
invariant, K = R**"°R,,,,) that decreases monotonically from some positive value at the

horizon (where its value is K},) to zero at infinity.

Note that this transfer should not be completed too fast. This is because if it happens
in a short time, quantum mechanically it would suggest that the modes just inside and just
outside oscillate very differently. This creates a large gradient of fields and it results in a
large energy momentum tensor because T' ~ 0¢0d¢, which essentially causes drama on the
horizon. Therefore, we assume that outgoing Hawking modes gradually and locally pick
up the information during the propagation through the nonlocal gravitational degrees of

freedom.

Also, we require that nonlocal gravitational qubits a; do not create firewalls by themselves.
That is, even though the vacuum states on the horizon b;, ¢; are in the range of nonlocal effects,
they remain to be constrained in the singlet state unless systems c¢; are propagating away to
infinity as Hawking radiation by . This is consistent with the above assumption that

the parameter 6(r) is a function of the radius r.
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Suppose the unitary operator (5.7 acts on the first Hawking quantum ¢y, then the initial
state (5.5]) turns to

Z Z Z Agiga.an H 19i) H By lar)., (5.10)

q1=0g2=0 gn=0

where |B_), , is dropped out without loss of information. By repeating the U(6) operation

on each system c;, the state after n qubit emissions becomes

ZZ ZAQND -gN H |Qz H |B MH|Qk (5.11)

q1=0 g2=0 qn=0 i=n+1 j=n+1

In this model, the Page time corresponds to the moment n reaches N/2. After the Page time,
the remaining black hole qubits a; all become nearly maximally entangled with the Hawking
radiation qubits ¢;, so that the von Neumann entropy of the black hole becomes very nearly
(n — n,)In2, which we shall assume is very nearly A/4lg*2 at that time. If one computes
the entanglement entropy Sg between the Hawking qubits emitted earlier []cx<, and the
nonlocal gravitational qubits [[ ai>n+1, it would actually follow the Page curve Figure .
Note again that the remaining product of the singlet Bell states in would not contribute

to this entanglement entropy.

Finally, when all N of the original outgoing radiation qubits have left the black hole and
propagated to infinity to become Hawking radiation qubits, there are no qubits left for the

black hole; hence it has completely evaporated away:

“IJN Z Z Z Aqwz 4N H |Qk (5'12)

q1=0 g2=0 gn=0

The N Hawking radiation qubits ¢; now form a pure state, just as the original quantum
state that formed the black hole was assumed to be. Of course, the unitary scrambling
transformation of the black hole qubits means that the pure state of the final Hawking
radiation can look quite different from the initial state that formed the black hole, but the

two are related by a unitary transformation.

In summary, the net effect is that the emission of one outgoing radiation qubit gives
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the transfer of the information in one black hole qubit to one Hawking radiation qubit.
The black hole qubits itself are always nonlocal, and the outgoing radiation qubit picks up
the information in the black hole qubit locally, as it travels outward through the nonlocal
gravitational field of the black hole. Therefore, in this picture in which we have separated the
quantum field theory qubits of the radiation from the black hole qubits of the gravitational
field, we do not need to require any nonlocality for the quantum field theory modes, but only
for the gravitational field. In this way, the nonlocality of quantum gravity might not have
much observable effect on experiments in the laboratory focussing mainly on local quantum

field theory modes.

5.1.4 Mining Issue

AMPSS [13], whose Eq. (3.3) is essentially the same as our (5.0), raised the following issue
with subsystem transfer models as resolutions of the firewall paradox, sometimes referred
as the mining issue. Suppose there exists an ideal mining equipment that can approach
arbitrarily close to the horizon without falling into it, and then the equipment interacts with
one of systems c¢; just outside the horizon. They claim that this can be done without any
exchange of energy due to the infinite redshift, and it is assumed that there is no entangling

either. For example, the mining equipment can unitarily acts on the system ¢; as

Unine © [0),, = €10),, 1), — e (1), . (5.13)
cos @ 78in ¢

Umine:B,,l—>—(0,1v—1,0_)+—<0,1v—|—1_0}>. 5.14
1B)b,e, 7 10}y, 1), = 1)y, 10), 7 10}, [1)e, + 1)y, 10), (5.14)

Thus the system on the horizon has one bit of information after this mining process and is
thus no longer in the vacuum stateﬂ We give two counterarguments regarding their concerns.
First of all, it seems implausible that such an ideal equipment can be physically realistic.
Since the equipment is accelerating in order to stay outside the horizon without falling into
the black hole, it has an Unruh temperature (4.29)) that becomes very high near the horizon.

Then the equipment and the modes it interacts with, ¢; in this case, should strongly couple

IThe author finds this argument analogous to the issue of the state-dependence discussed in Section [5.2.1]
That is, one can always create drama on the horizon no matter how strong we assume to be the vacuum,
which is essentially the opposite way of thinking the issue of the state-dependence proposal.
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and would be expected to be approximately in a thermal state. As a consequence it seems
plausible that energy must be transferred between the mining equipment and the modes c;.

Also, notice that the AMPSS mining argument does not take nonlocality into account.
That is, the mining equipment would interact with the nonlocal gravitational degrees of
freedom even if it could avoid the objection of the previous paragraph. As the opposite
direction of Hawking radiation, interactions with nonlocal gravitational degrees of freedom
transfer part of the quantum information of the mining system into the gravitational degrees
of freedom as the equipment approaches to the horizon. Note that this dropping-information
effect would not be strong for free falling matter in a sufficiently large black hole geometry,
but it can be assumed to be sizeable for accelerating matter especially near the horizon. We
can think of this transferred part as now being a part of the temporarily enlarged nonlocal
gravitational degrees of freedom when the equipment is very near to the horizon. Then in this
picture the mining equipment can still produce the phase change Eq. on the system
just outside the horizon, but this excitation will be eventually absorbed into the enlarged
nonlocal gravitational degrees of freedom. This absorption is possible regardless of how old
the black hole is, because the nonlocal degrees of freedom are temporarily enlarged by the
partially transferred degrees of freedom of the mining equipment. In summary, the AMPSS

mining argument is not problematic for our model.

5.1.5 Giddings Constraints

Giddings [57] has proposed a list of physical constraints on models of black hole evaporation
following the spirit of nonviloent nonlocality. We shall write each constraint in italics be-
low and then follow that with comments on how our qubit model can satisfy the proposed
constraint.

(i) Evolution is unitary. Our model explicitly assumes unitary evolution.

(ii) Energy is conserved. Our model is consistent with a conserved energy given by the
asymptotic behavior of the gravitational field. The unitary transformation U(6(r)) during
the propagation of each radiation qubit can be written in terms of a radially dependent
Hamiltonian without any explicit time dependence, so there is nothing in our model that

violates energy conservation.
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(iii) The evolution should appear innocuous to an infalling observer crossing the horizon,
i this sense the horizon is preserved. We explicitly assume that the radiation modes are in
their vacuum states when they are near the horizon, so there is no firewall or other drama

there. In addition, our model avoids the mining issue as discussed in Section [5.1.4]

(iv) Information escapes the black hole at a rate dS/dt ~ 1/R. Although we only briefly
mention the rates of emission above, if one radiation qubit propagates out through some
fiducial radius, such as 3R/2, during a time period comparable to the black hole radius R,

since during the early radiation each qubit carries an entropy very nearly In 2, indeed one

would have dS/dt ~ 1/R.

(v) The coarse-grained features of the outgoing radiation are still well-approximated as
thermal. Because of the scrambling of the black hole qubits so that each one is very nearly
in a maximally mixed state, when the information is transferred from the black hole qubits
to the Hawking radiation qubits, each one of these will also be very nearly in a maximally
mixed state, which in the simplified toy model represents thermal radiation. Furthermore,
one would expect that any collection of n’ < n/2 qubits of the Hawking radiation also to
be nearly maximally mixed, so all the coarse-grained features of the radiation would be

well-approximated as thermal.

(vi) Evolution of a system H ® Hp saturates the subadditivity inequality S4+ Sp > Sap.
Here it is assumed that A and B are subsystems of ny and np qubits respectively of the
black hole gravitational field and of the Hawking radiation, not including any of the infalling
and outgoing radiation qubits when they are near the horizon, and Sy, Sy, Sap are the von
Neumann entropies of Hy, Hg, Hy ® Hg. Then for na +ng < n/2, A, B, and AB are all
nearly maximally mixed, so S4 ~ naln2, Sp ~ ngln2, and Sap ~ (na + np)In2, thus
approximately saturating the subadditivity inequality. (Of course, for any model in which
the total state of n qubits is pure and any collection of n’ < n/2 qubits has nearly maximal
entropy, S ~ n'In2, then if ny <n/2, ng <n/2, but ng +ng > n/2, then Sy ~nyIn2 and
Sgp~mnpln2 but Sap ~ (n—ns—ng)n2, so Sa+Sp— Sap ~ 2n4+2ng—n > 0, so that

the subadditivity inequality is generically not saturated in this case.)
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5.1.6 Summary of Our Model

We have given a toy qubit model for black hole evaporation that is unitary and does not
have firewalls. It does have nonlocal degrees of freedom for the black hole gravitational field,
but the quantum field theory radiation modes interact purely locally with the gravitational
field, so in some sense the nonlocality is confined to the gravitational sector. The model has
no mining issue and also satisfies all of the constraints that Giddings has proposed, though
further details would need to be added to give the detailed spectrum of Hawking radiation.
The model is in many ways ad hoc, such as in the details of the qubit transfer, so one would
like a more realistic interaction of the radiation modes with the gravitational field than the
simple model sketched here. One would also like to extend the model to include possible

ingoing radiation from outside the black hole.

5.2 Selected Other Proposals

At last, I will show selected other proposals as resolutions of the firewall paradox. Note that
there are more interesting proposals such as [67H70], but I give only a few of those because

of the space limitation.

5.2.1 State-Dependence

We will give a simple toy model to understand the state-dependence proposal here. See
[71-74] for more detail. Let us consider unitary black hole evaporation where the state is
described by |®) after the Page time. We focus on an outgoing Hawking mode in an effective
basis [n), then this mode is expected to be nearly maximally entangled with the rest of the

system O. Thus, the bipartite pure state |®) is given, up to normalization, by
|(1)> = Z |¢n>o |n>H ) (515)

where |¢,,), are appropriately chosen to be orthonormal vectors. On the other hand, if the

horizon was smooth, an infalling observer would see the state to be in the following specific
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form

(@)= In)gln)y, (5.16)

where |n) 5 is a basis of the system of the infalling Hawking partner. Now, one may propose

that we can define |n)z = |¢n), so that two observations do not seem inconsistent.

However, this raises an issue if we proceed the same argument for another state U |®P)

where the unitary operator U is defined by

U = exp (z’Zen 6n) o <¢n\o> . (5.17)

Now the state would have relative phase factors as
UID) = e |on)oIn)y - (5.18)

If one follows the definition of the partner Hawking mode to be described by [n)z = |é,) 0,
the state would be

U®) = e [n)gIn)y. (5.19)

Similar to the discussion in Section [5.1.4] the vacuum state should be defined in a very
specific form ([5.16)), and nothing else corresponds to the vacuum state. Therefore, an infalling

observer sees some drama in the state ((5.19)).

i0n

Putting another way, we need to define the partner basis as €' |¢,), = |n) 5, which is
different from the previous definition. Thus, the partner basis depends on the state given,
and this is where the state-dependence comes from. This ambiguity makes it possible that
even if we put some firewall on the horizon by hand, we can always regard it as the vacuum
state by redefinition, which seems problematic. Furthermore, [75] discusses that the state-
dependence suggests a violation of the Born rule in the sense that the inner product of two
states with two different observations, a firewall state and no firewall state, is almost one.

Two seemingly different states turn out to be very similar. This is a strange consequence in

terms of ordinary understanding of quantum mechanics.
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5.2.2 ER=EPR Conjecture

A naive argument of the ER=EPR conjecture [76] goes as follows. Let us consider the thermal

field double state |TFD) in the context of the AdS/CFT correspondence
1 _
ITFD) = 77 > e By (n)p . (5.20)

This state describes an entangled state of two CFT’s dual to the left and right side of
the maximally extended asymptotically AdS black hole geometry. Now suppose there is a
Hawking pair HH near the horizon on the right side. As stated in the firewall paradox, the
smooth horizon requires H to be maximally entangled with H whereas unitary evolution
suggests H be entangled with some state on the other boundary system L. However, one
notices that the system just behind the horizon H can be interpreted as being dependent
on the left side system. That is, the state in H is given by a future evolution of some state
in H;, which is a subsystem of the left side boundary theory. Therefore, the monogamy of
entanglement is not necessarily violated because of the dependenceﬂ. Note that this proposal
does not guarantee there is no firewall, but it shows that it is too early to conclude that there
have to be firewalls. One needs to know how the state in Hj, evolves and see which one is

dominating, the probability of firewalls or the smooth horizon.

Hy

Figure 5.2: The ER=EPR conjecture.

2This argument could be extended to some special asymptotically flat spacetimes. For example, [77]
argues that one can create two entangled black holes by vacuum pair-creations where they are connected by
the wormbhole just as the two AdS black hole.
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The ER=EPR conjecture is not only saying how to avoid the firewall paradox, but rather
it proposes any entangled states are somehow connected in a similar spirit to the property
that two black holes are connected through the wormhole. Who knows? This might be a
characteristic of quantum gravity. The underlying concept is motivated by the proposal of
emergent spacetime where spacetimes are, in some sense, secondary objects emerged from
quantum mechanics. The AdS/CFT conjecture can be thought of as one example of this idea.
Gravity in two dimensions can be also interpreted as being emergent from matrix models that
are discussed in depth in the mathematics part of my thesis. See |78 and references therein

for more detail.
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5.2. Selected Other Proposals
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6 Matrix Models

Quantum field theories are complex. Objects of interest such as correlation functions are very
difficult to compute. They essentially include divergent nature in computation coming from
virtual high energy modes, and more severe problems have become apparent when one tries
to unify gravity with quantum field theories as discussed in the previous sections. Besides
struggles of directly resolving such issues, an interesting attempt is to simplify theories by
reducing the dimension of spacetime, and observing the simplified theory that can potentially
be useful for higher dimensions.

Indeed, we have already seen interesting examples of this approach. Although this is in the
classical regime, Page [3] and T investigated a four dimensional cosmological model, a so-called
Bianchi IX model. (See Appendix ) In the paper, we considered a so-called minisuperspace
in two dimensions, which is an equivalent description of a four dimensional Bianchi IX model.
However, since the minisuperspace is in two dimensions, geometric properties are easier to
study, and we showed a new way of deriving the exact solution of a Bianchi IX model with
a positive cosmological constant.

As an example in the quantum regime, conformal field theories in two dimensions are
significantly different from those in higher dimensions because they admit an infinite number
of symmetry generators while those in dimensions higher than 2 have only finitely many
generators. This difference makes it possible to compute many things in a relatively easy
way. Conformal field theory in two dimensions are then used in constructions of string
theory whose associated spacetime should be in 26 dimensions, or in 10 dimensions with
supersymmetry.

Following this spirit, the simplest example one can think of is probably quantum field
theories in zero dimensional spacetimes. If one has some trouble to imagine quantum field
theories in zero dimensions, imagine an action of a U (V) Yang-Mills theory in a d-dimensional
spacetime, and then reduce the dimension d — 0. What remains? All local fields disappear
but U(N) matrices since they can exist without the presence of spacetimes. Very interest-

ingly, it turns out such simple quantum field theories in zero dimensions possess nontrivial
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mathematical structures, and they are now known as matriz models.

In this section, we introduce matrix models from two seemingly different points of view:
from the path integral formulation and from the Virasoro constraints. These two are indeed
equivalent ways of defining matrix models, but we start with the path integral formulation
as it is commonly used to define quantum field theories in physics. We then introduce the
Virasoro constraints which smoothly lead us to a fascinating mathematical formalism known
as topological recursion. Many discussions in Chapter are taken from the paper with
Bouchard [1].

6.1 Matrix Models from Functional Integrals

As mentioned above, matrix models are quantum gauge field theories in zero dimensions
whose fields are matrices. We define the partition function of a formal 1-matrix model from
the path integral formulation. We closely follow [79] for the discussions in this section. See

also [80] for further reviews.

Definition 6.1.1. Let Hy be the space of N x N Hermitian matrices and M € Hy. The

partition function of a formal Hermitian 1-matriz model is given by

Nt oY TR TH(M?)
Lttty Ty N HZ/ (T e (6.1)

k=3ny>0

where T3 # 0 and the measure dM is the U(N) invariant Lebesgue measure on Hy

M = St / NT H dM;; | [ dRebM;; dimM;. (6.2)

1<J
(t,t3,- -+ ,tq) are coupling constants and it will become clear in Section why we intro-
duce the parameter T, here. The normalization is chosen such that Z = 1ift3 =--- =t43 = OE]

It is crucial in (6.1]) that the summation over ny is outside of the functional integral. In con-
trast, the partition function of a convergent Hermitian 1-matrix model is defined with the

order of summation and integral in (6.1)) switched:

IThis definition can be more generalized. See |79].
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Definition 6.1.2. Let Hy be the space of N x N Hermitian matrices and M € Hy. The

partition function of a convergent 1-matrix modelﬂ is given by

Hy k=3 ny>0 !
_ [ auesen, 3)
Hy
where .
T t
V(M) = EQMQ - k’jM’“ (6.4)
k=3

is called the potential.

Example 6.1.3 ( [79]). Let us show their difference in a simple example. For N = 1,7, =

1,t, = —4 and all other ¢, = 0, the convergent model gives
dx Lo 4 em 1 1
Zconv t) = T = —B —T=>5 | 6.5
Q T dtym ! (4 32t2> (6.5)

where By is the Bessel function of the second kind. It can be shown that Z...(t) is a
bounded function of ¢ > 0 where Z.ou () = 1 in the limit ¢ — 0F. On the other hand, the

partition function for the formal model is

Zformal Z / \/% TL' e_ 2t

n>0

=3 M<_t2)n‘ (6.6)

n!
n>0

Ztormal(t) diverges for any positive t. Therefore, these two models are different. However,

corresponds to the asymptotic expansion of (6.5 at t — 0.

Our interest in this thesis is only in formal Hermitian 1-matrix models. Indeed, for many
applications of matrix models in physics and enumerative geometry, convergence is not really

necessary. For simplicity, however, we often omit the arguments (¢, t; 75; N), and also denote

2This does not guarantee that the partition function in this definition is always convergent.
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a formal Hermitian matrix model by
7 ol / dMe= 7 TVOD, (6.7)
Hy

with the understanding that the summation should be taken outside of the integral.

Hermitian matrix models possess a U(N) gauge symmetry, M — UTMU, where U is an
N x N unitary matrix. If we fix the gauge freedom such that M is diagonalized, the partition

function is given up to normalization by
N N
N
7 x / [T dnap)e ==V, (6.8)
i=1

AN =TIV (A — ;) is the Vandermonde determinant, which can be derived by the Fadeev-

i<j

Popov gauge fixing.

6.1.1 Free Energy and Correlation Functions
As usual, the free energy is defined by taking a logarithm of the partition function.
F(t,ts, - ,tg;To; N) =log Z(t,t3,- -+ ,tg;To; N). (6.9)

Also, we define the expectation value of a function f by

1

(Tef(M)) = - /H AMTr(f(M))e™ + VD, (6.10)

and we denote by (Trf(M)). the corresponding connected expectation Valueﬂ Note that we
need to take a trace of f in order to make the expectation value U(N)-gauge invariant. We

are interested in the expectation values:

Ty, (£t To; N) = <Tr(Mll) . Tr(Mln)> . (6.11)

c

3Tt will be clear what connected means once we consider Feynman diagrams in matrix models.
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It turns out to be convenient to collect all Tj,..4, (¢, t5; T5; N) for every nonnegative integers
li,-++,l, in a single expression. We define the following generating functions, known as
correlation functions:

Ty, .0, (t te; 1o N
Wit ty; To; Ny, 2n) = Z bt (8 s T )7

o R e |
>0 Tl L

O

The last equality is often used as a definition of the correlation functions; these should be

understood as generating series in the variables 1/z;.

6.1.2 1/N Ezxpansion

For formal matrix models the free energy and correlation functions have a nice 1/N expansion.
It follows from the definition of the partition function (6.1)) that the free energy has an

expansion
N 2—2g
F(t, ty; Ty; N) = Z (7) Fy(t, tr; To), (6.13)
920
where the Fj(¢,t;T2) do not depend on N. It can also be shown that the Fj(¢,x;T3) are in

fact power series in ¢ [79).

A similar 1/N expansion also holds for correlation functions:

N 2—2g—n
Wt te; Tos Ny, -+ ) = Z (7) Won(t, te; Tos 1, - -+ @), (6.14)
920
with the W, (¢, tg; To; 21, - - - , ) independent of N. Those are also power series in ¢. For

simplicity of notation we will often drop the dependence on t,t; and T5.

In fact, the expectation values Tj,..;, (¢, tx; T2; N) can be interpreted in terms of ribbon
graphs; we briefly review ribbon graphs in Section [6.1.3} but refer the reader to [79] for more
details. It follows from the ribbon graph interpretation that they themselves have a 1/N
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expansion of the form:

N 2—2g—n
Tyt (bt Ty N) =) (7) 19, (t,t; Ta), (6.15)

920

thus we can write, order by order,

T, (t, by Ty)

1l

? .
:El11+ coglntl

Won(za, -+ ) = > (6.16)

l1,+,ln=>0

The Tz(lg)zn (t,tg;T2) are power series in t. Furthermore, it follows from the ribbon graph
interpretation discussed below that if we collect the terms in the summation over I, --- ,1[,
by powers of t, for each power of ¢ only a finite number of terms are non-zero. In other words,

order by order in ¢, W, ,(x1,- -+, x,) is polynomial in the variables 1/z;, i =1,--- ,n [79].

6.1.3 Feynman Diagrams

As we do in quantum field theories in higher dimensions, we can consider Feynman diagrams
for matrix models called ribbon graphs, see Figure|6.1|for a typical ribbon graph. Let G (v, e, ()
be a ribbon graph with e edges, [ loops, and v = ), ny vertices where the graph has ny

vertices with k legs. Then, the Feynman rule for matrix models is summarized as follows:

Multiply ¢/N at each edges

Multiply N for each closed loop

Multiply Nty /kt at each vertex of k legs

Divide by |Aut(G)| if the graph admits an automorphism

Here, we set Ty = 1 for simplicity. As a consequence, the partition function (6.1)) and the free

energy ([6.9) are given by the sum over all ribbon graphs and connected ones with appropriate
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weights

H d o N\XE)
Z= > m(gtk ) (7) : (6.17)

ribbon graphs G

S (o))" e

connected
ribbon graphs G

T
I

where x(G) = v — e + [ is the Euler characteristic of the ribbon graph G.

The dual description of ribbon graphs is called a map which is essentially given by switch-
ing the role of loops and vertices, see Figure[6.1] The dual diagrams are the set of polyhedra
with [ vertices, e edges, and ny, k-gons as faces such that v =), ng. In this picture, the role
of the Euler characteristic x(G) becomes easier to intuitively imagine, it is indeed genus of

the polyhedron when it is smoothened.

Figure 6.1: Duality between ribbon graphs and maps. Vertices of a ribbon graph correspond to
polygons of a map, and loops turn to vertices.

Let M,(Cg) (v) be a set of connected maps of genus g, with k£ marked boundaries of length
at least 1, and v vertices. We further require that each face has at most d edges and we
define M{” (1) to be a point. Then, the free energy and the coefficients T}, ..., (t, tx; N)
of correlation functions (6.16)) can be written as

Fy(t,ty; N Zt” > |Aut Ht ), (6.19)

meM{? (v)

T, (¢ 1) Zt“ > Aut Ht . (6.20)

mEM£g>(v) where i-th
boundary has length [;

As one can see now, these are actually power series in ¢t. Thus, W, (21, -, x,) is a collection
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of all maps with n marked boundaries of genus ¢, which can be schematically interpreted as

the n-point function of genus g, see Figure [6.2]

W2,4(x17x27$37x4) —

Figure 6.2: A pictorial interpretation of , for example, Ws 4(z1, x2, 3, T4).

6.1.4 Liouville Gravity

Even though our interest in matrix models is in mathematical applications to enumerative
geometry, let us briefly mention a striking relation between matrix models and quantum
gravity in two dimensions. The author is not an expert on this topic, thus, our purpose for
this section is to give only an intuitive hint of their duality. The discussion in this section is

mostly taken from |79], but see [14-16] and references therein for further discussions.

As a simple example, let us consider the case where only t; is nonzero and all other
coupling constants vanish. In this case, (6.19) shows that the free energy of the model

becomes

Fy(t,ty; N) = 2729y " (tty)™ > m, (6.21)

m meM? (na+2-2g)
where we used the fact that the Euler characteristic in this model obeys v = ng+2—2g. The
sum is taken over all quadrangulated surfaces and n4 denotes the number of faces in each
surface. In general, this free energy is not an analytical function of £ and it diverges at some

critical value t = t.(t4). Let us investigate the behaviour near the critical point.
As shown in [79], it can be shown that t. = 1/12¢, and F,(¢,t4) for g > 2 in the limit
t—t.1is

3(2-2
_ t 4( 9)
F, = Ft>% (1 - t_> + subleading, (6.22)

C

where Fg is some constant that becomes important later. At the same time, the average
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number of faces (n4) of graphs summed for F,(t,t4) can be defined by

Jdlog F,
=t <. 6.23
(ng) = t4 ot ( )
In particular, in the limit ¢ — £., it becomes
5(2—2g9)t. 1
= e 6.24
() = 2= (6:24)

This suggests that the major contribution to Fj near ¢ — ¢, comes from graphs with many

faces, which is essentially a continuous limit of quadrangulated surfaces.

Furthermore, let define a new parameter N as

5
N = Nt, (1 — ti) : (6.25)

Now we take a limit where N — 0o, t — t,. yet N to be finite. This is a so-called double-scaling

limit. Then the rescaled free energy can be written as a formal series in N

F=> N"%F, (6.26)

920
Note that F is not precisely the same as the original F in the limit N — oo, ¢ — t. because
Fy, I, does not obey (6.22), hence, we need to define Fy, I, differently. F can be viewed
as the generating function of the continuous limit of quadrangulated graphs, and we can

pictorially represent it as:

On the other hand, if one considers gravity in two dimensions potentially coupled with
matter preserving conformal symmetry, the path integral over the metric is reduced to the
sum of topology of two dimensional surfaces. This is because the Weyl symmetry and dif-

feomorphism invariance are enough to fix the metric to be flat, at least locally. Then, the
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free energy of such a theory in two dimensions is given by a sum of smooth surfaces, which
is pictorially the same as (6.27)).

Then one can ask whether the free energy F of matrix models in a double scaling limit
coincides with that for some quantum gravity in two dimensions. The conjectured corre-
sponding gravity theory is called Liouwille gravity, whose action is the Polyakov worldsheet
action coupled to minimal models in conformal field theory. There are a lot more to study
about Liouville gravity, and we refer the readers to [14-16,79] and references therein for

rigorous discussions.

6.2 Matrix Models from Virasoro Constraints

Discussions in Section [6.1] are similar to the standard analysis of quantum field theories in
higher dimensions. A unique and crucial aspect of matrix models is that we can equivalently
define them without the notion of path integral. We review this formulation below. See

[8183] for more general arguments.

6.2.1 Virasoro Constraints

Our first step is to extend the potential (6.4) from a polynomial to a power series

75 , K
V= 57 + ng:p : (6.28)
k>0
We will use this generalized potential to define matrix models from the Virasoro constraints

as well as the derivation of the loop equations, but in the end we will set

t
ge=—7 B<k<d, g=g=p=p=0 (k>d, (6.29)

to recover a polynomial potential as in (6.4). We now define a sequence of differential
operators {L,}, for n > —1:

0 0 2= 0 0
L, ="1T: g k — E — . 6.30
2agn+2 * 5>0 Tk 8gk+n * N2 =0 ag] agn*j ( )
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Note that the third term is defined to be zero if n = —1. One can show that these operators

are generators for the Virasoro subalgebra:
[Lim, L] = (m —n) L in. (6.31)

Now we are ready to define a formal 1-matrix model from the Virasoro constraint.

Definition 6.2.1. Let F, be a formal series in a set of variables (¢,7%, go, g1, --) and we

define Z as
¢ 2—2g
7 = exp (Z (N) Fg> . (6.32)
920

Then, the partition function of a formal Hermitian 1-matrix model is defined as the unique

solution of the following set of differential equations:

07 107

L,Z=0, n>-1 22 _-92 6.33
" 9T,  20g, (6.33)

In this formulation, the partition function Z is simply defined as a formal series, it has
nothing to do with path integrals. The first set of conditions L,,Z = 0 for n > —1 is called the
Virasoro constraint. This becomes a key for the sypersymmetric generalization of 1-matrix
model discussed in Chapter . Therefore from this perspective, the partition function in
the path integral formulation can be thought of as an integral representation of the solution
of the set of differential equations (6.33)). See [82] for discussions on the classification of more

general matrix models.

Note that one can obtain a set of equations among Tl(lg ) b (t,tx) with a polynomial potential
(6.4) that is equivalent to the Virasoro constraint, called Tutte equations. However, it is more
convenient to work with the extended power series potential (6.28)) for our interests. We set

Ty = 1 for simplicity for the remainder of this section.
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6.2.2  Loop Insertion Operator

With the generalized potential (6.28)), we can obtain the correlation functions W, ,,(xy, - - - , x,)

from the free energy by acting with the so-called loop insertion operator, which is defined by

0 =->) L 9 (6.34)

oV (x) = 1 dgy,

Then W, (z1,--- ,z,) and W, ,,(xq,-- - ,x,) are obtained by:

N\ " 90 0
Wiz, ... z,) = <7) A 8V($1)F’ (6.35)
Wyn(x1, ..., 2,) = o .._9 F,. (6.36)

oV (x,) oV (xy)"?

This technique is analogous to inserting a source term in the action that we normally do
in standard quantum field theories to get correlation functions. These correlation functions
correspond to those in (6.16)) by setting coupling constants as in (6.29)) after taking the

derivatives with respect to gi.

6.2.3 Loop Equation

From the Virasoro constraint satisfied by Hermitian matrix models, one can derive a set of

relations between correlation functions known as loop equations.

We start with the formal series in 1/z:

1 1
== —ilnaZ

n>0

:_anﬂ (89 " +Z Geg

k>0

t2 Lo o
— — Z, 6.37
N2 ]z:; agj agn—j—l) ( )

8gk‘+n 1

where the first equality holds due to the Virasoro constraint. We can rewrite (6.37) using

the fact that correlation functions can be obtained by acting on the free energy with the loop
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insertion operator ([6.35]). After some manipulationsﬂ we obtain the loop equation

- gV’(x)Wl () + Py(2) + (W1 (.r)>2 4 Waz,z) =0, (6.38)

with
0
Pi(z) = O p_ D 2™y (mAk+ 2)gmirsag —F (6.39)
9o m>0 k>0 Ogi
where V'(x) denotes the derivative of the potential with respect to x.
Further, by acting an arbitrary number of times with the loop insertion operator on the

loop equation, one obtains the general loop equation:

N /
7V ()Woga(z, J) E W1 (2, W1 (2, J\I) + Wipo(z, 2, J)
IcJ
"0 Wz, J\xi) — Wa(J)
E P 4
+ 8:61 T — + n+1(x7‘])7 (6 O)

where we introduced the notation J = (zy, ..., z,), and P, (x;J) is defined by

P, J) kE+2)gm F.
e 1 || e DD US| ety
(6.41)
If we insert the 1/N expansion in ((6.40]), the coefficient of (N/t)?729~™" gives the expansion

of the loop equation:

g
V/($)Wg,n+1($a J) = Z Z Wh,u|+1<$> I)ngh,nf\IHl(l‘a INI) + Wy nia(w, 2, J)

ICJ h=0
7]
0 Wynl(z, J\xi) = Wyn(J)
* Z 8_:151 T — x; + P97n+1<x7 ‘])7 (642)

where P, ,,11(z, J) is defined by

Pynii(z,J) = ( aV ago Z Zm—i—k+2 gm+k+2HaV 3gk>F

m>0 k>0
(6.43)

4See Appendix |§| for the derivation.
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If we now set the potential V' (z) to be a polynomial of degree d, that is, the coupling
constants are chosen as in (6.29), then the P, ,,41(z, J) defined in become polynomials
in z — note that they are not necessarily polynomials with respect to zy,--- ,x, however.
More precisely, Py 1(x) has degree d — 2, while all other P, ,1(x,J) are polynomials in « of

degree d — 3. This is because we can rewrite

NQgO ~
Z=e t Z, (6.44)
where Z does not depend on gg, therefore
OF NY?
—=—|— t (6.45)
8g0 t
Thus 25 = —¢ while
9o 8F
—2 =0 for g > 1. 6.46
940 9= (6.46)

It then follows that the highest degree term z%~2 in P,,.1(x,J) is only non-vanishing for
(gvn) = (07 1)'

Remark 6.2.2. Although loop equations are derived from the Virasoro constraints,
one can obtain precisely the same form of loop equations in the path integral formalism
that we studied in the first section. More precisely, one can manipulate the Tutte equa-
tions mentioned above for Tl(lg -)-ln (t,tx; To) and rewrite them in terms of correlation functions
Wyns1(z, J) and P, ,41(z, J). More precisely, we can use Schwinger-Dyson equations, which
are a consequence of invariance of the path integral under reparametrization of variables,
to show their equivalence. This is of course expected because the Virasoro constraints and
the path integral are simply two equivalent ways of defining matrix models, hence, the con-

sequence should be the same. However, the computation from the Virasoro constraints is

easier.

6.2.4 Recursion?

The loop equations (6.42)) provide a set of relations between correlation functions. However,
each relation also depends on a polynomial P,,:(z, J), see (6.43), which cannot a priori
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be computed from the matrix model. Then Eynard and Orantin [18|19] proposed a way to
recursively solve the loop equations for the correlation functions Wy, (z1,...,z,), without
first knowing the polynomials P, ,,41(x,J). We will study their mathematical technique in

the next section.
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7 Topological Recursion

Even though this recursive method was initially proposed by [18/19] in the context of for-
mal Hermitian matrix models, it can in fact be generalized beyond matrix models to the
broader setup of algebraic geometry |17H19,84]. The resulting abstract recursive formalism
has become known in the literature as the Eynard-Orantin topological recursion, or simply
topological recursion. In this section, we briefly review topological recursion, but leave the

detail to [79], also see Section 2 in my paper with Bouchard [1].

7.1 Planar Equation
The loop equation (6.42) for ¢ =0,n =1 1is
V! (2)Wou(x) = (Wor(2))® + Pos(2). (7.1)
Let us define
1
y(x) = Woi(z) — §V'(a7), (7.2)
so that (7.1)) can be rewritten as

y(z)? = iv’(@? — Poa(a). (7.3)

The loop equation (6.42)) can also be rewritten in terms of y(z). We obtain:

*

g
=2y(@)Wyna(z,J) = Z Z Wi rs1 (@ DWoonn—n+1(z, JI\NI) + W1 nia(2, @, J)

ICJ h=0
1
0 Wyn(x, J\x;) — W,,(J)
— L : Pynia(z, J), 7.4
25 P + Pynia (2,]) (7.4)

x g
where Z Z means that we are excluding the cases (h,I) = (0,0) and (h,I) = (g, J).
ICJ h=0
Brown’s lemma [15,[85,/86], which applies to formal Hermitian 1-matrix models, implies
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that (7.3]) defines a (potentially singular) genus zero hyperelliptic curve of degree 2d — 2:

Lemma 7.1.1. ( Brown’s Lemma) There exists a polynomial M(x) of x of degree d — 2
whose roots oy are power series of t, and a pair a,b of power series of \/t where a+b and ab

are power series of t, such that
y* = M(x)*(z — a)(z - b), (7.5)

where

a=2/t+0@1), b=-2V/t+0(t), a=a+0(), (7.6)

with non-zero constants af.

(7.5) defines an algebraic curve. It is singular if M(z) # 0, but for any M(z), the
associated Riemann surface has genus zero. As we show below, we can parametrize x,y as

rational functions of a local coordinate on the Riemann sphere.

A key point here is that while everything so far was defined as formal series in ¢, in
all the t-dependence is in a, b and the «;. In fact, it follows from Brown’s lemma that the
coefficients of the degree 2d — 2 polynomial in x on the right-hand-side of have a well
defined power series expansion in t. We can even go further, and “re-sum” the power series;
that is, we think of the coefficients as Taylor expansions of actual functions of t. In other
words, we think of as defining a t-dependent family of (potentially singular) genus zero
hyperelliptic curves of degree 2d — 2.

7.1.1 Spectral Curve

This hyperelliptic curve, which is called the spectral curve for the general setting for topo-
logical recursion, plays a fundamental role for topological recursion. In fact, we will want to
interpret the correlation functions Wy ,(z1,- -+, z,) as “living” on the spectral curve. Let us

be a little more precise.
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Since ([7.5)) has genus zero, we can parameterize it with rational functions:

o(z) = a;b+“;b(z+§), (7.7)

W) = M) T (2= 1). (73)

where z is a coordinate on the Riemann sphereﬂ We can think of x : C,, — C4, as a branched
double covering. Its two simple ramification points are at z = +1, which are the two simple

zeros of the one-form

du(z) = 40 (1 _ l) dz. (7.9)

4 22
The hyperelliptic involution that exchanges the two sheets of x : C, — C, is given by
2+ o0(z) =1/z, with

z(o(2)) =z(2),  ylo(z)) = —y(2). (7.10)
7.2 Pole Structure

We now want to understand the correlation functions as living on the spectral curve. More
precisely, we define new objects, wy, (21, ..., 2,), which are multilinear differentials on the
Riemann sphere, and functions of ¢. In other words, they are multilinear differentials on the

spectral curve. For ¢ > 0, n > 1, and 29 — 2+ n > 1, we define them such that
wg,n(217 T 7Zn) = Wg,n(xla e ;xn)dxl T dxn7 (711)

where we defined x; := x(z;). By this equality, we mean that the Taylor expansion near
t = 0 of the multilinear differential on the left-hand-side recovers the formal series of the

correlation functions on the right-hand-side. For the two remaining cases, we define

wo1(2) = y(2)dx(z) = (Wo,l(x(z)) — %V’(m(z))) dx(z), (7.12)

'We abuse notation slightly here and use y(z) to define the meromorphic function on the Riemann sphere,
while we previously used y(z) to denote its formal t-expansion with polynomial coefficients in 1/x.



Chapter 7. Topological Recursion 109

and
1

(2(21) — 2(2))

The wy, are now honest multilinear differentials on the spectral curve, so we can study

woa(z1, 22) = (Wo’g(q:(zl),x(@)) + 2) dx(z)dx(z2). (7.13)

their properties. As mentioned above, however, we leave all the detailed computations to

[1,/19,79], but rather summarize crucial results below.

7.2.1 U)O’Q(Zl, Z2>

For (g,n) = (0,2), after multiplying by dx(z;)dz(z2) the loop equation (6.42) with respect

to y(z) reduces to

dx(z)dx(2) d  2y(z)+ V' (x(z1)) — V'(x(22)) 2(o0). 2(s
analon =) =S (G e Sy Paleta.ate)
dx(z)dz(z)
2(1;(21) —Q:(Zg )2. (7.14)
Note that it follows
wo,g(zl, 22) + w0’2(0(21>, 32) = (;izg;lzdjéjj)))2 . (715)

Let us now consider the pole structure of wpa(21,22). We start with the zeros of y(z;)
that are roots of M(x(z1)). From (7.14) wga2(z1,22) can have at most poles of the form

1/(z(21) — ;) there. But by Brown’s lemma, we know that a; = o + O(t) with a non-zero

0

constant a;. Therefore, if we do a Taylor expansion near ¢ = 0, the constant term would

have the form

1 (a7)
%_@zzjﬂ, (7.16)

i>0 1
where we used x; = x(2;) for clarity. It would then contribute an infinite series in 1/x; for
a fixed power of ¢, which contradicts the statement that wpa(z1, 22) should recover a formal
expansion in ¢ with coefficients that are polynomials in 1/x;. Therefore wp2(z1,22) cannot
have poles at the roots of M (z(z1)).
This argument does not work however for the ramification points, which are simple zeros

of y(z1). However, dz(z1) also has a simple zero there, hence w(z, 22) does not have poles at
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the ramification points.

All that remains are the coinciding points z; = 2o and z; = o0(z2). As z; — o(22),
y(z1) = y(o(22)) = —y(22), and the double pole of the first line in (7.14) cancels out with
the double pole of the second line. It thus follows that the only pole of wy2(z1, 22) is a double
pole at z; = 25.

In fact, there is a unique bilinear differential on the spectral curve with a double pole at

21 = 23, no other pole, and that satisfies (7.15)):

ledZQ
WO,2<217 22) = m

(7.17)

This is the normalized bilinear differential of the second kind, which can be uniquely defined
for Riemann surfaces of arbitrary genus [87]. The normalization is of course trivial here since

the Riemann surface has genus zero.

Remark 7.2.1. This is a striking observation. wga(z1, 22) can be uniquely determined as

the bilinear differential of the second kind no matter how we choose the potential V().

7.2.2 wyni1(20,J) for2g+n>2
Let us now study the multilinear differentials wg 41 for 29 —2 +n > 0. We first show that
Wyn+1(2, J) + wgnt1(o(2), J) =0, (7.18)

where J = {z1,---, z,}. We will prove this by induction on 2g — 2 4+ n. The base cases are
wo,3 and wy ; with 2g —2+n = 0.

For wy 1, the loop equation ([7.4]) can be rewritten in terms of differentials as

—2y(20)dw(20)wi1(20) = —wo2(0(20), 20) + Pra(x(20))dz(20)>. (7.19)
The two terms on the right-hand-side are clearly invariant under zy — o(z), hence

(A)Ll(zo) + wlyl(a(z())) = 0. (720)
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As for wy 3, (7.4) can be rewritten as

- Z?J(Zo)dx(zo)wo,s(zm 21, 22) = —wo,Q(Zo, Zl)wo,z(U(Zo), 22) - w0,2(0(20)7 Zl)wo,z(zo, 22)
9 d  woa(o(z1),22) d  woa(o(z1), 22)
+ da(z) (dx(zl)dac(zl) x(20) — x(21) i dx(z2)dx(22) x(z9) — x(22)

+ Pos(x(z0), x(21), x(zg))dx(zl)d:c(zg)> . (7.21)

The first two terms on the right-hand-side are exchanged under zy — o(zp), while the re-

maining terms on the right-hand-side are invariant. Therefore
C«JO73(20,21,22) +CU073(O'(Z(]),21,22) =0. (722)

We now prove (7.18) by induction. Assume that it is true for all (g,n) such that 0 <
29 — 2+ n < k. We show that it implies that it must be true for 2g — 2 +n = k. Assuming
the induction hypothesis, for 2g — 2 4+ n > 1 we can rewrite ((7.4) in terms of differentials as

* g

2y(20)dx(20)wgn+1(20, J) = Z th,\llﬂ(zm Dwg—nn-in+1(0(z0), J\I)
ICJ h=0
+w (20,0(20), J) + d(2) ZJ:dxz “yn(J)
g—l,n+2 0) 0 Z (Zo) l’(ZZ)
— Pyn1(x(20), -, x(2))da(z) - - dac(zn)) , (7.23)
with J = {z1, -+ ,2,}. The first summation is invariant under z; — o(2p), and all other

terms on the right-hand-side are also invariant. Therefore

Won+1(20, J) + wont1(0(20), J) = 0, (7.24)

and, by induction, this must hold for all (g,n) such that 2g —2 4+ n > 0.
Let us now study the pole structure for wy,+1(20,J) in terms of zy; since the correlation
functions are symmetric the result will hold for all other z;, 7« = 1,--- ,n as well. The only

possible poles are at zeros of y(zg), coinciding points zg = z; and zy = o(z;),i = 1,--- ,n, and
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at poles of z(zp). First, there is no pole at poles of z(2g) since P, ,+1(x(20), 2(21), -+, 2(2n))
has degree d — 3. Second, there is no pole at coinciding points zg — 2; by the loop equation
and no pole either at zg — o(z;) by the anti-symmetric involution relation (7.18)). All
that remains are zeros of y(zp). By the same argument as for wg (21, 22), there cannot be
poles at zeros of M (xz(z)), otherwise the wy 11 would have expansions in ¢ with coefficients
that are not polynomials in 1/x(2). The only remaining possible poles are at the ramification
points of z : Co, — Cy, that is, 29 = £1. In contrast to wpz2(21, 22), these poles can be of

higher order, and dz(z) is not sufficient to get rid of them.

7.3 Topological Recursion

We are now ready to solve the loop equations recursively to determine all wy,1 from wg,

and wp 2. Let us start with the loop equation (7.23)), rewritten as

(,L)g,nJrl(zO;J) 2W01 <ZZWh |I]+1 Z(], wg h,n— |[‘+1( (Zo),J\I)

ICJ h=0

+ wg*17n+2(207 U(Zo), J))

]
(de Z’ wgn(J) - P, n+1< (20)7"' vx(zn))dx(zl>dx(zn)>a

zi) 2(20) — (1)

(7.25)

with J = {z1,...,2,}. It is clear that the third line of the expression has no pole at the
ramification points in zy5. Thus, if we evaluate the residue of the expression on the right-hand-
side at the ramification points, the third line does not contribute. We now take advantage of

this fact to construct the so-called topological recursion.

Let us introduce the normalized differential of the third kind w®°(z), which has simple

poles at z = a and z = b with residues +1 and —1 respectively. It is given by

W b(2) = / wop(2', 2) = = _ zd—zb' (7.26)

2 =b zZ—Q

This object can in fact be defined for Riemann surfaces of arbitrary genus as the integral (in
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the fundamental domain) of the normalized bilinear differential of the second kind.
Let a be a generic base point on the Riemann sphere, and consider w*~*(z"). While it is

a one-form in z’, we can also think of it as a function in 2] It then follows that

Z Res w“™*(z0)wy nt1(w, J) = 0. (7.27)

a€all poles o=
Note that this holds because the sum of all residues is zero on any compact Riemann surface.
For 2g — 2+ n > 0, the only poles of the integrand are at w = 2y and at the ramification

points w = +1. The residue at w = zy gives

Sggoww_a(ZO)wgm—f—l(ZOa J) = —wyni1(20, J). (7.28)
It then follows that
Wyn+1(20, J Z %g%w “(20)wgnt1(w, J), (7.29)
a==%1

and, substituting (7.25)) in the right-hand-side, we obtain topological recursion:

* g9
2
Wynt1(20, J Z Res = 0) (Zzwh,uﬂ(waI)Wg—h,n—1|+1(0(w)>J\-’)

w=a 2wy 1(W
ac{-1,1} 01( ) ICJ h=0

+ Wy 1 nte(w, o(w), J)) . (7.30)

Remark 7.3.1. The last line in (7.25)) is dropped because it has no contribution for the
residue at the ramification points. In particular, the priori unknown factors Py ,.1(z,J)
in (7.25) do not appear in the expression ([7.30) as we desired. This is the power of the

topological recursion in the context of matrix models.

Remark 7.3.2. It is also possible in (7.26)) to have w*=7(")(z;) instead of w™®~*(z). In this
case, the form of the recursion formula ([7.30)) is slightly different, but it can be shown that

it produces the same wy ,,+1(20, /). We use this convention in Theorem below.

2Note however that this is only true on the Riemann sphere, on higher genus Riemann surfaces as a
function of z it is only defined in the fundamental domain.
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(7.30) is a recursive formula which calculates all wy,+1(20,J), 29 — 2 +n > 0, from the

initial data of a genus zero spectral curve
y* = M(z)(x — a)(x — b), (7.31)

a one-form

na(2) = w2 = (Wanla(e) = 3162 ) dofe), (7:32)
and a bilinear differential

1
(z(21) — 2(22))

woa(z1, 22) = (Wo’g(x(zl),x(@)) + 2) dx(z)dz(z). (7.33)

7.4 Summary and Applications

We note that the Eynard-Orantin topological recursion is much more general than what
we have shown in the previous section. It can be defined for (almost) arbitrary algebraic
curves, not just (singular) hyperelliptic genus zero curves [18,/19]. Let us give a more general

definition of the Eynard-Orantin topological recursion by following Section 9 in [21]E|.

Definition 7.4.1. Let X be a compact Riemann surface of genus g. A canonical bilinear
differential of the second kind wg 2(p1, p2) is the the unique bilinear differential on ¥ x ¥ such
that:

e Symmetric: wo2(p1,p2) = Wo2(P2,P1).

e Normalized: let A’, B; be a canonical basis of homology cycles of 32, then for 1 < I < g,
j{ wo2(+,p) = 0. (7.34)
Al

e Double Pole: Its only pole is a double pole at the coinciding point

ledZQ
wo2(p1, p2) ads [EAE + regular, (7.35)

3 [88L189] have further generalized the Eynard-Orantin topological recursion with arbitrary ramification
points, but we stick to this definition because it has crucial connections to Airy structures later in this thesis.
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where z(p) is a local coordinate.
Definition 7.4.2. A spectral curve is a quadruple (X, z, wq1,wo2) where
e Y is a compact Riemann surface.
e 7:Y — Y CP!is a branched covering with simple ramification points.

® w1 is a meromorphic differential on ¥ such that it has at most double zeroes at the

ramification points.
® Wy is a a canonical bilinear differential of the second kind.

Let t be a set of ramification points, zeros of diﬂ, and let z be a local coordinate around

r € tv. Since they are simple, we can locally write

1

z(p) = x(r) + 52(p)*, (7.36)

Let 2 : z — —z be a locally well-defined holomorphic involution such that z(:(z)) = x(2).
Definition 7.4.3. The recursion kernel K(p,q) is defined by

K(p,q) :% f((q)) C_uojsl(p)( 5 (7.37)

Theorem 7.4.4 (Eynard-Orantin Topological Recursion [18,/19]). Let wg ny1(p, J) be a mul-
tilinear differential on X" where 2g +n > 2 and J = (py,- -+ ,p2). Then, the topological

recursion s a recursive formalism to compute a sequence of multilinear differential operators

wg,n+1 (pa J) by

Wg.n+1 p, Z RQSK p> Wg—l,n+2(qa Z(Q), ‘]) + Z Wy, J1]+1 (q, Jl)wgz,|J2\+1(Z(q)v J2) )
25
(7.38)

where > means that we exclude terms with wy1(p) from the sum.

4The poles of = of degree 2 or higher are also ramification points, but we do not consider such ramification
points in the context of topological recursion.
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7.4.1 Applications

Starting with a spectral curve (X, x,wp1,wp2), one can, in principle, compute an infinite
sequence of multilinear differentials w, ,,4+1(p, J) for 2g + n > 2. But why are we interested
in these objects? What are they good for? Here are a few examples that show the power of

topological recursion.

e Kontsevich-Witten theorem [90,91] states that i-classes intersection numbers, denoted
by (7, ,Ti, ), on moduli spaces M, of stable curves hold a recursive structure. The

topological recursion for the Airy curve y? = 2z generates these intersection numbers

<Ti17 e 7Tin>-

e Mirzakhani showed in [92,93] a recursive formula for for the Weil-Petersson volume
Vyn(L1,- -+, Ly) of the moduli space of bordered Riemann surfaces of genus g with n
boundaries of length Ly, -, L,. It can be shown [94] that Mirzakhani recursion after
Laplace transformation is equivalent to the topological recursion for the spectral curve
defined by y = sin2mv/2z where this is an example whose spectral curve is not an

algebraic curve.

e Topological recursion plays a crucial role for the Bouchard-Klemm-Marino-Pasquetti
theorem [95-97] in the context of mirror symmetry between toric Calabi-Yau 3-folds
X,Y. The Eynard-Orantin topological recursion for the mirror curve defined in Y

provides a recipe of computing Gromov-Witten invariants of X.

One can find more achievements of topological recursion in Borot’s up-to-date notes [98].
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8 Supereigenvalue Models

Given that formal Hermitian matrix models can be defined from the Virasoro constraints, it
is interesting to see whether a similar story holds if we upgrade the Virasoro constraints into
the super-Virasoro constraints. The idea of supereigenvalue models indeed originated in this
way. More precisely, we define a partition function as a power series which is annihilated by a
set of differential operators that generate a super-Virasoro subalgebra in the Neveu-Schwarz
sector. The resulting partition function is not a matrix model, but it can be understood as
a supersymmetric generalization of Hermitian matrix models in the eigenvalue formulation

(6.8), hence the name supereigenvalue models.

In this section we study supereigenvalue models. Those were introduced in [99] and
studied further in, for instance, |[100H110]. From the super-Virasoro constraints, one can
also derive super-loop equations satisfied by correlation functions. The missing link then is
whether there exists a recursive formalism that solves the super-loop equations. Bouchard and
I showed [1] that, in fact, the standard Eynard-Orantin topological recursion, combined with
simple auxiliary equations, is sufficient to calculate all correlation functions in supereigenvalue

models. We review the work in this section.

8.1 Definition and Properties

Let us start by defining supereigenvalue models.

8.1.1 Partition Function and Free Energy

Let V(z) be a power series potential (6.28)):

T
V(z) = ?2.%2 + Z g, (8.1)

k>0
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and define a fermionic potential ¥(x) as

V(w) =Y &ara, (8:2)

k>0

where the §, 1 are Grassmann coupling constants.
2

Definition 8.1.1. We define the partition function of the formal supereigenvalue model as

Z(ta, gk, €13 T 2N) P2 / ANBA(, )5 S (VO0vO0n), (8:3)
where the measure is
2N 2N
d=[]dx, do=T]de; (8.4)
i=1 i=1
with the 6; Grassmann variables, and A(),0) is
2N
AN 0) =T = A — 0:6;). (8.5)
i<j

One should keep in mind here that this is a formal model, that is, the summation should
be understood as being outside the integral. Similar to formal Hermitian matrix models, it

can be shown that Z is given by a formal power series in ;.

The free energy F for the supereigenvalue model is defined as usual by
—F(tm Gk, €k+%7 T27 2N) = log Z<tsv Gk, §k+%7 T27 2N) (86)

Remark 8.1.2. We will denote objects in supereigenvalue models, such as partition function,
free energy, and correlation functions, with curly letters Z, F and W, to differentiate them

from their Hermitian counterparts.

8.1.2  Super-Virasoro Constraints

It is straightforward to show that the partition function is annihilated by a set of differential

operators generating a N' = 1 superconformal algebra in the Neveu-Schwarz (NS) sector.
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That is, we define the super-Virasoro operators L,, G, | 1 forn > —1 as

1 0
L, = ST ( )
agn+2 ; Ik angrn 2N Z ag] agn -7

n+1 0 1/t \2 &2 /n—1 ) )

+ (k+ )gk o +—< ) ( —j) , (8.7)
; e 206, it 2\2N jz() 2 0811 08,1

) ) ) .\’ 0 0
G,1="T + kg +& a—— +(> , (8.8
+2 265’”_&_7 ; < Foe a€n+k+ k+2 agk;—‘,—n-‘rl) 2N =0 65]_’_% 3gn_j ( )

where Z;io, Elﬁo are defined to be zero. These operators are generators for the super-Virasoro

subalgebra [99] :

[Lm7 Ln] = (m - n)Lm+n7

[Lm? Gn-i—%] = <mT_1 - n) Gn-i-m—&-%’ (8'9)

{Gml,G }:2Ln+m+1.

Then one can show that the partition function Z satisfies the following super Virasoro con-
straints

Go1Z2=0, L,Z=0, n>-1 (8.10)

Putting it the other way around, one can leave A(), §) undetermined in Definition [8.1.1]
and impose the super Virasoro constraints . Then, it is possible to prove that is
the unique solution, up to normalization, that satisfies the super-Virasoro constraints. Note
that the condition L,Z = 0, n > —1, is automatically satisfied if Gn+%Z =0,n>—1, by

the super-Virasoro algebra . So we only need to impose the fermionic condition.

Remark 8.1.3. Definition [8.1.1] is, in some sense, a combination of matrix models from
functional integrals and matrix models from the Virasoro constraints in the supersymmetric
realm. Namely, we started with an integral representation, and uniquely determined A(A\, @)

by the super Virasoro constraints.

Remark 8.1.4. The expressions of L,, G, 1 are complicated, and one might be wondering

how they were found. This is simply a differential representation of the super conformal field
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theory of a free boson and a free fermion. In particular, if we represent the bosonic modes

a, and the fermionic modes «,, +1 by a set of formal variables (g,, &, %) as

0 T 0
a_n:ngn+—25 a, = —, (n>0), (8.11)

ay = 7> n,2;
0 ago 9 2

a_, 1 =& 1, o1 , (n>0), 8.12
3 +3 +3 a§n+ ( ) ( )

then we obtain the representation of Ly, G, 1 as (8.7) and (8.8).

8.1.3 Relation to Hermitian Matriz Models

A remarkable fact, originally proven in [102], see also in Appendix A in our paper [1], is
that the free energy JF of the formal supereigenvalue model contains the Grassman coupling
constants 1 only up to quadratic order. That is highly non-trivial. In the notation above,
this means that

F=FO4+F® (8.13)

For completeness, we provide a proof of this truncation for supereigenvalue models in Ap-
pendix [B]

It turns out that this truncation of the fermionic expansion of F implies that F is closely
related to the free energy of the formal Hermitian 1-matrix model F'. More precisely, setting

ts = 2t, we get the following relation, which was proven in [101}/102]:
Proposition 8.1.5.

82
F (2, gis €y T2 2N) = 2 (1 - Z §k+é§z+%agl—

5 ) F(t, gx; To; N). (8.14)
kd>0 Jk+1

Note that the free energy on the left-hand-side is for the formal supereigenvalue model, while

the free energy on the right-hand-side is for the formal Hermaitian model. In other words,

FO2t, gp; Ty; 2N) =2F (t, gi; To; N) (8.15)

82
FO@b g1 6y T2N) = =23 Gy g —

kd>0 Jk+1
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This relation is fundamental. What it says is that the free energy of the formal supereigen-
value model is completely determined in terms of the free energy of the formal Hermitian
matrix model. We gave a proof of this proposition in 1] which is different in flavour to the
original one in [101]. It is purely algebraic; we show that the relation is a direct consequence

of the super-Virasoro constraints. We review the algebraic proof in Appendix [C]|

Remark 8.1.6. A benefit of our algebraic proof is that we can now define a formal su-
pereigenvalue model without using the integral representation as we defined formal Hermi-
tian matrix models from the Virasoro constraints in Section [6.2 Namely, we can modify
Definition by replacing the Virasoro constraints with the super Virasoro constraints,
and add another constraint that the free energy truncates at quadratic order in Grassmann
couplings. It is an open question whether some models beyond supereigenvalue models exist

if we modify the truncation to higher orders.

We now set 7o = 1 for simplicity. With this under our belt, we can define the 1/N
expansion of the free energy. Since t; = 2t, it is natural to define the 1/N expansion for F

as

N 2—2g

920

Then (8.14)) implies that

0 0

—— | F,(t, gr). 8.18

Fg(2t79k7€k+%) =2 (1 - ka+%§l+%
k.l

8.1.4 Correlation Functions

The correlation functions of formal Hermitian 1-matrix models can be obtained by acting
with the loop insertion operator (6.34)) a number of times on the free energy, as shown in
(6.35). We can define correlation functions in supereigenvalue models in a similar way.

We define the following bosonic and fermionic loop insertion operators:

0 1 0 0 1 0
AV () - Z JRE] a_gk’ oV (X) o _Z Xkt agk%' (8.19)

k>0 k>0
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Correlation functions are then obtained by:

N —n—m n m
=1

2N <)\k1 Mgy, )\éll e Qbm)\é’”>

— Z Z Z Z T _xgn+1xi1+l ~ 'X};HC, (8.20)

ki km>011 ln>0a17 ‘am=1by- bn_l

where J = {x1, -+ ,x,} and K = {Xy, -, X,,}. We removed the dependence of the corre-

lation functions on coupling constants for clarity.
As usual, the correlation functions inherit from (8.18)) a 1/N expansion:

N 2—2g—m—n
Wi (J|K) = Z (7) Wenim(J|K). (8.21)

920
We can further expand the correlation functions in terms of the fermionic coupling constants

§k+%. Since F is at most quadratic in the Grassmann parameters, i.e. F = F© + F®) we

see that the only non-vanishing correlation functions have 0 < m < 2. Further, we get

Waan(J]) =W (1) + W2 (7)), (8.22)
Wy (J1X1) =W (J1X0), (8.23)
Wanl2(J1 X1, X2) =W (T X1, Xo), (8.24)

where, as usual, the superscript denotes the terms of a given order in the Grassmann param-

eters.

From we expect all these correlation functions to be somehow determined in terms
of correlation functions of the Hermitian matrix model. Indeed, we showed in [1] the following
relations between correlation functions for supereigenvalue models and those in Hermitian
matrix models, which can be thought of as a consequence of Proposition for correlation

functions:
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Proposition 8.1.7.

gnm(JD Won(J), (8.25)
W;02|2(J|X17X2) =2(X1 — Xo)Wy nia( X1, Xo, J), (8.26)
WL (T]X1) = Res W)W, (71X, X1)dX, (8.27)
WL (7)) =3 Res WO, (J1X)dX (8.28)

The important point here is that all correlation functions of formal supereigenvalue models
are determined in terms of W,,(J), the correlation functions of formal Hermitian matrix

models.

Proof. (8.25)) is straightforward from Proposition|8.1.5} hence, we start with Wg(?zp(J | X1, Xo).
We have:

- 8 0
(2)
Wgn\? J’X17X2 H av )a‘lj(XQ)Fg (2t7gk7£k+%>

—_9 o(t

MZN) Xk+1Xl+1 a£k+1 a£l+2 (; 5@+ £]+2 89 1 8g]> ]1:[1 8V gk)
1 o 0 o 0

- _9 — — —— VW, .(J). 8.29

Z Xkl xlvt (agl-l-l Ogr OGr+1 agl) o) (8.29)

k,1>0
We can simplify this further. Recall from ((6.45)) that

OF, OF,
— = —t, =0 for all g > 1. 8.30
990 ago 9= ( )
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Thus we can rewrite

1 o 0 o 0
2 2\,
ZX{CHX?A (ang Ogr  Ogrt1 391) on(J)

k>0

1 1 o 0
- Z (XkJrlxl o Xle+1) a_gla_gkwg,n(c])

k>0

1 o 0
=(X; - X1) Y s Waa
(X2 = &) XFLXEL 99, dg, (/)

k>0
0 0
=(X,— X Won(J
(X 1)0V(X1) WV (Xy) ¥ (/)
=(Xo — X)Wy nia( X1, Xo, J). (8.31)
It thus follows that
Wg n|2(J|X1,X2) =2(X1 — X)W, nia (X1, X, J). (8.32)

Let us now turn to Wg(iz'l(t] | X1). We do not need to do much work here. We note that
0
8\II(X)W9”‘1
0
= — Res ZZ§k+1X’“ = 186 Wgn|1(J\X1)

k>0 >0 I+

Res TX)OW L (T1X, X,)dX =Res W(X) (J1X1)dX

ZékJFg aé‘ gn|1(‘]|X1> (833)

k>0

But since Wélr)zu(‘] |X1) depends linearly on the Grassmann coupling constants &, 1 the
operator Zkzo £k+%ﬁ is the identity operator. Hence, we get
2

WL (J1X1) = Res B(X)W)

9 g,n|2

(J]X, X1)dX. (8.34)
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For W( )

g,n|0

(J1]), we get:

n

0
| | A = )
gn\O(‘]’) ey 8V(:Uj)]:g (2, 9k S 1)

22€k+1€l+28gk+ agl H av t gk)

o 0
=2 1§ 1 ——— W, (J). 8.35

We can use the same residue trick as for Wg(lr)L“(J | X1). It then follows that

0

)P({:eiollf( )W(l (I X)dX = ZSH 85

k>0

It is easy to see that the right-hand-side is 2Wg(273|0(<] ), and we obtain

1

g,

W (X]D)dxX (8.37)

8.2 Super Loop Equations

Let us now turn to the study of super-loop equations. There are more than one type of loop
equations in supereigenvalue models, depending on the order of the Grassmann coupling
constants. We call loop equations with an even (resp. odd) dependence on the Grassmann

parameters “bosonic” (resp. “fermionic”). We simply give the equations here and leave their

derivations to Appendix and

8.2.1 Fermionic Loop Equation

The derivation of the fermionic loop equation starts with the following formal series

1 1
ZZ Xn+1Gn—%Z = 0. (8.38)

n>0
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After a few manipulations we obtain the fermionic loop equation:

— SVEW() = TEW(X]) + Wi (XIX) + Wi X)W (1) + Paa (1) =0,

(8.39)

where

9, 9, 9,
Pop(1X) = <—% - Zxk (Z (k+1+ 2)gk+l+28§z +§k+l+289l>> F. (8.40)

k>0 1>0

Now we expand the fermionic loop equation (8.39) in terms of 1/N, and act an arbitrary
number of times with the bosonic loop insertion operator on it. Collecting terms order by

order in the Grassmann coupling constants, we get the following two fermionic loop equations:

xmmwmwm+wmwgwxm P (JT]1X)
Y WX, () 4 W, (XX, )
ICJ h=0
! ; aii Won-n(J \x@@ - xlgn 1\1<J\xz\xz>’ sal)
and

g
XWX =P JIX) =D W (I, L INIX), (8.42)
where we defined

0 0 - 0
k
gn|1(J|X < : ;X (Z k+l+2)gk+l+28§l +§k+l+289>)}_[1mfg7

2 >0
(8.43)
which, by (818), has an expansion P,,;(J|X) =P\ (J|X) + P (J]X).

If we act with the fermionic loop insertion operator on (8.41)), we obtain the equation for
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Wgn\2<J|X X1):
V/(X)Wgn|2(J‘X X1) - gn‘Q(J]X X1)
- ZZWhm|2 (I X, X)W g hn o (N + Wgnll(‘]‘)z _?gnl(‘]’Xl)
1T h=0 )
+§£fﬂwwwxgt§”MAM%W+M%MMWWM»@m
where

0 \v1r O 0
X, X)) =|- X* 2) )
PO (X, X1) ( =D XD (ki 9k+l+23@+;> s yaucey”

§ k>0 1>0 j=1
(8.45)
8.2.2 Bosonic Loop Equation
To get the bosonic loop equation, we start with the formal series:
1 1
LS etz =0 540
n>0
We manipulate the above equation to obtain the bosonic loop equation:
N 1 2 1 N N 0
—TWwwmmw~0%mm)+y%m o) = 2 ¥ (@)Won(Ie) + 3 ¥(2)5-Won(|)
0 10
+ Wo\1(|$) W0\1(|$) 3 92 (Woje(|z,2)) + Puo(z]) =0, (8.47)
where we defined
OF oOF oOF
Pujo(z]) = "0 z" Z(n+k+2)gn+k+2a +3 Z§n+k+ (”+2k+3)8 :
90 >0 k>0 Gk k>0 St d

(8.48)

Before we do a 1/N expansion, let us study the dependence on the Grassmann parameters.

(8.14]) implies that the dependence of the bosonic loop equation is at most of order 4. Since
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Pijo(x|) depends on the Grassmann parameters at most quadratically, the order 4 terms in

the bosonic loop equation directly yield the condition:

(W) =0 (8.49)

Let us now study the bosonic equation at order 2 and 0. We act an arbitrary number of
times with the bosonic loop insertion operator on (8.47)), and then do a 1/N-expansion. We
also collect terms according to their order in the Grassmann parameters. We obtain the two

following equations:

V(@)W (@, T) = PO ()
- _Zzwhozwuo I ]|) g hn m+1|0(x"]\l|) WSEO)l n+2|0(x,x, J|)
ICJ h=0
n (0)
10 WD (@, I\wil) = Wi o (J1)
+ §a_Wg 1 n|2<‘]|x7 a/ + Z 81’1 T — ’ (850)
and
V(@)W o ) = PR ()
g
1
Z( hm+1|2 $ I’) g hn m+1|0($ J\ID hm|1(I’ ) ;Dhn m|1(J\I’$))
I1CJ h=0
FAWE, J|>+1(w<x>3 (Jla) = W ()W) <J|x>)
—1,n42[0\"7 9 or gn|1 g,n|1
"9 WE (@, Nail) - W ()

+ Z 3o, p—— . (8.51)
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where we defined

0
Pg(7T)L+1|O(~T, J|) = <_8_g0 — Z Z (l+k+2) gl+k+2 ) H 8V ), (8.52)
J=1

>0 k>0
P(2r)z+1|0(x JI) = A Z z! Z(l +k+ 2)91+1c+2i
! 99 = \iz O

1
- s(142 . .
+2kz>0§l+k+2(l+ k+3) 8£k+2>> av (8.53)

To conclude this section, let us show that the bosonic loop equation that is independent

of the Grassmann parameters, that is (8.50)), is indeed equivalent to the loop equation for
Hermitian matrix models (6.42). First of all, (8.26) turns the third term on the right-hand-

side in (8.50) into

19,0
20z 9-1ml2

0

= — <($—$/)W971,n+2 (xa xla J))

W), = 3

g—1,n+2 (.Z', xz, J) (854)

o= —

T =x

Also, (B.18) implies that P HH‘O(:U, J|) = 2P, 11(z, J). We further substitute thm( ) =
2Wh(L) for all h,l into . We obtain

2vl(x)Wg,n+l(x7 J) 2P n+1<x ‘])

=2 Z Z Wh,m+1 (Z', [>ngh,n7m+1 (.CC, J\I) + ngl,n+2 (SE, xz, ‘])

ICJ h=0

+ Wyt nto(z, 2, J) —1—22 0 Wy, J\xi) = Wyn(J)

, (8.55)

ox; T — T

which is precisely twice the loop equation for Hermitian matrix models (6.42)).

8.3 Topological Recursion

Guessing from the analysis on Hermitian matrix models, one may expect to utilize supersym-
metric loop equations derived above in order to recursively compute all correlation functions.
However, (8.18]) significantly simplifies supereigenvalue models and indeed makes it possible

for us to compute all correlation functions using the Eynard-Orantin topological recursion
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with a single auxiliary Grassmann polynomial equation.

8.3.1 FEynard-Orantin Topological Recursion

Let us recall what we did in Section [0 for Hermitian matrix models. We constructed a
sequence of multilinear differentials wy (21, ..., 2,) on the Riemann sphere (and functions of

t), such that, for g >0, n > 1 and 29 —2+n > 1:
wg,n(zlv T ,Zn) = Wg,n(l'l» T ,J}n)dfﬁl T dl’n, (856)

where x; := x(z;). By this equality, we meant that the Taylor expansion of the multilinear
differential on the left-hand-side near ¢ = 0 recovers the formal series of the correlation

functions on the right-hand-side.

We also defined the two “unstable” cases (2g —2 4+ n < 0) as:

wo1(z) = (W(),l(x(z)) - %V’(x(z))) dx(z) (8.57)

and
1

(2(21) = 2(2,))?

wo2(z1, 22) = (Wo,g(m(zl),x(@)) + ) dx(z)dz(z2). (8.58)

Then we showed that:

1. There are two meromorphic functions z(z) and y(z) on the Riemann sphere such that
wo.1(2) = y(z)dx(z) and
¥ = M(@)(z — a)(& — b), (8.59)

with M (x) a polynomial of degree d — 2. We call this hyperelliptic curve the spectral
curve of the matrix model. We generally choose the coordinate z on the Riemann

sphere as giving by the parameterization

a+b a-—> 1
x(z) = + z—l—; ;

2 4
W) = M) T (2 1). (8.60)
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of the hyperelliptic curve.

2. wo2(21,22) takes a very simple form; it is the normalized bilinear differential of the

second kind on the Riemann sphere, that is,

ledZQ
== 8.61
w0,2<217 z2> (Zl _ 22>2 ( )
3. The multilinear differentials wy (21, -, 2,), for 2g — 2 +n > 1, satisfy the Eynard-

Orantin topological recursion ([7.30)). The initial conditions of the recursion are wy(z)

and wp 2(21, 22).

8.3.2  Supereigenvalue Multilinear Differentials

We would like to extend these results to supereigenvalue correlation functions. More precisely,
we would like to construct (Grassman-valued) multilinear differentials on the spectral curve

(8.59) in a similar way. For 29 — 2+ m +n + p > 1, we define multilinear differentials:

Q (p)

g,njm

(T1, @] Xay o, Xip)dwy -+ - dopd Xy -+ d X,
(8.62)

(21, zplwr, -+ W) = %W%m
where z; := 2(z;) and X, := x(w;). As for Hermitian matrix models, the equality here means
that after Taylor-expanding the left-hand-side near ¢ = 0, we recover the formal series of the
correlation functions on the right-hand-side. Note that the factor of 1/2 is there simply for
convenience.

For the “unstable” cases (29 — 2+ m +n +p < 0), we modify the definitions slightly as

for Hermitian matrix models. We define:

Q) (21) =5 (W) — V(a(2))) da2) (8.63)
O (o _L O (2(2), 2(2 1 2(z1)dx (2
(o1 2a) =5 (Wibololah sl + o  daladdat) (860
03 () =5 (Wi (Jew) — W (w)) ) dr(uw) (8.65)
(0) W1 . W :1 (0) xr(wy), x(wsy 1 (W1 )axr|wa
Ofpaurws) =g (Willalotun) ) + oot ) dofnds(un). (560
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From (8.25) and (8.26)), we immediately obtain the relation between these 0 (JIK)

g,n|m

and the differentials w, ,(J) computed from the Eynard-Orantin topological recursion:

A o (1) = wyn (1), (8.67)
Q) (T, ws) = (w(wr) = 2(ws) )y (, wr, ws). (8.68)

Thus, the remaining step is to re-evaluate (8.27) and (8.28) in terms of supereigenvalue
multilinear differentials (8.62)), and furthermore, convert the residue at X = oo to the residue

at the ramification points z = £1, which we will show below.

8.3.8  Super Spectral Curve

In order to compute the other differentials, it turns out that we need to define a Grassmann-
valued meromorphic function v(z) on the Riemann sphere such that Q((:()mﬂw) = vy(w)dx(w).
This 7(z) serves as an additional initial condition for recursively computing correlation func-
tions in supereigenvalue models. How is this function related to the spectral curve? Let us

consider the fermionic loop equation (8.41f) for g = 0,n = 0:
V(@) Wogn(l2) = Py (2) + R @)Wylig(al) = Wog (Hle)Wyl(al). (8:69)

By defining v(z) as 1
1(2) = 5 (Wi () = ¥(@)). (8.70)

we can rewrite (8.69) with y(z) as

Y () = PO (), (8.71)
where
PO @) = 2 (V@) W) — P, (1)) (872

is a Grassmann-valued polynomial of degree deg V' (z)+deg ¥(z) —1. In particular, note that
(8.71)) implies that v(z) is odd under the hyperelliptic involution, that is, y(o(2)) = —v(2).
(8.71) can be thought of as a superpartner to the spectral curve (8.59). Together they
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form a super spectral curve — see [108-110] for more on this.

8.3.4 Q) (Jjw)

g,n|1

Let us now consider the recursion formula for QST)ZH(J |wy) Notice that we can rewrite the

third equation in (8.27)) as

Woan (J1X1) = Res (W(X) = Wi, (IX)W,0 o (J1X, X1)dX, (8.73)
since Wé,lgu(\X)Wg(or)m(ﬂX, X1)dX is regular at X — oo. Then, in terms of differentials on

the Riemann sphere, and using the Grassmann-valued function ~y(z) introduced earlier, we

obtain

oW

g,n|1

(Jwy) = —2$(%<)3ioofy(w)9(o) (J]w,w). (8.74)

g,n|2

Remark that the residue here still makes sense. This is because both v(w) and Qg 7)”2

(J|w, wr)
are odd under the hyperelliptic involution w — 1/w, hence the integrand itself is even, hence

a well-defined differential form on the base z(w).

We can rewrite this expression as a residue on the Riemann sphere itself:

2 Res 7y(w )Q(O

z(w)=o00 gml2

(J|w,wy) = BSSV(U’)QQTL@(JW wl)—I—Resv( )Q(O o(JJw,wy).  (8.75)

Finally, we notice that ensures that the integrand can have poles only at the ramifi-
cation points of the z-covering (i.e. at w = 1) and at the poles of z(w) (i.e. w = 0 and
w = 00), since all stable w,,(J) have poles only at the ramification points. Using the fact
that the sum of all possible residues of a differential form on the Riemann sphere vanishes,

we arrive at:

Q(l)

g:n|l

(Jjwq) = Z Res'y ngilz(ﬂw,wl), (8.76)

ac{—-1 1}
which holds for 2g +n > 1. In terms of the correlation functions of the Hermitian matrix

model, we get

Ol (Jlw) = > Res y(w)(z(w) — 2(w1))wgnra(w, wi, J). (8.77)

ac{-1,1}
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Following the same reasoning, we can turn the fourth equation in (8.28) into a residue

formula on the Riemann sphere. We obtain:

2 1 1
Qi) =5 D Resy(w)Q), (J|w), (8.78)
ac{-1,1}
which is again valid for 2g+n > 1. In terms of correlation functions of the Hermitian matrix

model, we get

A2 (D=5 3 3 Res Res (4(w)r(2)(r(z) — o(w)wgnen(ziw, ). (8.79)

ac{—-1,1} be{-1,1}

Therefore, all correlation functions of supereigenvalue models can be determined using
topological recursion on the spectral curve (8.59), in conjunction with auxiliary equations
defined in terms of the Grassmann-valued polynomial equation (8.71). To summarize, we

get:

Theorem 8.3.1 ( [1]). Starting with the spectral curve (8.59)), the Eynard-Orantin topological
recursion constructs a sequence of multilinear differentials w,,,(J). Then the correlation func-

tions of supereigenvalue models are encoded in the following Grassmann-valued multilinear

differentials on the spectral curve (8.59)).

The unstable differentials are defined by

Q(()(,?m(zl\) = y(z1)dz(z),
Qflollz) = A(a1)de(z),
Q(o(,);m(zlazﬂ) = woa(z1, 22),
9803\2<|w17w2) = (z(w) — z(w2)) wo2(wy, wa), (8.80)

where wyo(21,22) = dzidzg/ (21 — 22)?

function (z) on the Riemann sphere is defined by (8.71).

as usual, and the Grassmann-valued meromorphic
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The stable differentials, with 2g — 2+ m +n+p > 1, are determined as follows:

Q0 T = wealJ),

g,n|0
Qg,)i\z(ﬂwlv wy) = (z(wy) — z(wy)) Wg,n+2(w1,w27 J),
Qo) = >0 Res 1)) (Jjw, wy),
ace{-1,1}
1
QP () = 5 D Bes Y(w)QL) | (Tw). (8.81)
ac{-1,1}

8.8.5  Super Gaussian Model

As an example, we discuss in 1] the super-Gaussian model, which is the simplest supereigen-

value model whose potentials V' (z), U(z) are given respectively by
Viz)=—, VY(z)= §sx+ 1. (8.82)

For this special example, one can actually solve the super loop equations explicitly. We
verified that the differentials obtained by Theorem are the same (in the sense of formal
expansions in 1/X) as the correlation functions obtained by the super-loop equations, as it

should be.

8.4 Supereigenvalue Models in the Ramond Sector

As an extension of this work, it is natural to ask whether one can define supereigenvalue
models whose partition function satisfies the super-Virasoro constraints corresponding to the
super-Virasoro subalgebra in the Ramond sector, and then see whether the appropriate corre-
lation functions can be computed recursively. We have found such a supereigenvalue partition
function, and derived super-loop equations (see also [110], where such supereigenvalue models
are also derived from the point of view of quantum curves).

Most interestingly, we found that the free energy in the Ramond sector is also truncated
at the quadratic order as similar to ; however, the relation to Hermitian matrix models
does not hold any more. Note that there still could be some relation to Hermitian
matrix models, but it would not be in the same form as . The main reason why the
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Eynard-Orantin topological recursion is sufficient to calculate all correlation functions is the
fundamental equation (8.14)), which is not true any more for supereigenvalue models in the
Ramond sector. For this reason, one needs a new formalism that goes beyond the Eynard-
Orantin topological recursion. I am currently investigating a recursive formalism to solve

these super-loop equations |111].



Chapter 9. Airy Structures 137

9 Airy Structures

Airy structures were recently introduced by Kontsevich and Soibelman [20], see also [21], as
a new mathematical framework of recursive structures. We study this new concept in this

section.

9.1 Virasoro Constraints: Revisited

Before formally defining Airy structures, let us recap the recursive structure of Hermitian ma-
trix models, and see from where topological recursion originated. As explained in Section
topological recursion can be thought of as a consequence of the loop equations (7.25)) in terms
of multilinear differentials w,,,(J) living on the spectral curve. If we further think back, the

loop equations were derived from the Virasoro constraints as described in Section [6.2.3f
L,Z =0, (9.1)
where n > —1 and L,, generate a Virasoro subalgebra
(L, Lin) = (n—m) Ly ym. (9.2)

Therefore, we recognize that the Virasoro constraints are the foundation of topological re-

cursion.

Let us observe this overall recursive picture from a slightly different point of view. We
start with a set of differential operators L; with respect to some variables, to say x*. Then,
we may heuristically expect a formal series Z of z¢ as a solution of L;Z = 0 encode some
information about interesting enumerative invariants. However, it is not clear whether such
a solution exists and even if so, it might not be uniquely determined. For example, we need
to impose an additional condition on the partition function in order to uniquely define
formal Hermitian 1-matrix model. Then a natural question arises: can we define ‘Virasoro-

like constraints’ such that existence and uniqueness of a solution is guaranteed? This is the
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idea behind Airy structures.

9.2 Definitions

The definition of Airy structures by Kontsevich and Soibelman [20] is introduced in an
abstract mathematical language. However, I shall describe them in a less abstract manner,
which is essentially how [21] defines Airy structures. Note that Kontsevich and Soibelman’s
approach might be more mathematically elegant, but the approach of [21] is also beneficial
because it manifestly captures the importance of Lie algebras.

Let V be a d-dimensional C-vector space, and V* be its dual space. We choose z* to be

linear coordinates of V. Then, we define tensors A, B,C, D as

A€ Hom(V® C), B€Hom(V*?*®V* C), C¢cHom(VeV*? C), D<cHom(V,C).
(9.3)

Additionally, we require that A is a symmetric tensor and C' has a partial symmetry as
Cle, e, ef) = CF = oM, (9.4)

where e;, e are basis of V,V* respectively. Now we are ready to define a quantum Airy

structure.
Definition 9.2.1. A quantum Airy structure, or in short, Airy structure, is a set of differential
operators L; of the form

h2

1 , . A
LZ‘ = h@l — §Aijk$]l'k — th]a:]é?k — Eka(‘)](?k — hDi, (95)

generating a Lie algebra
[Li, Lj] = hff Ly, (9.6)
for some f}; and a formal constant h.
Note that we use the Einstein summation convention for repeated indices. This setting

relates to the notion of quantization of Lagrangian subspaces as outlined in [20}21] which we

also briefly discuss in Section [9.2.3] This is why they are named quantum Airy structures.
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However, we often drop quantum and simply call them Airy structures. The Lie algebra

condition imposes a set of constraints on A, B, C, D.

Lemma 9.2.2 ( [21]). A, B,C, D satisfy the following set of equations:

Ajix = Ay, (9.7)
i = Bj — By, (9.8)

By Ajpi + By Ajpr, + Bl Apr = (i < ), (9.9)
BYLB! + CP A+ BLBL, = (i 4 j), (9.10)
CiPB. + CPBE + BL.CM = (i < j), (9.11)

SCP A+ BYD, = (i 3 ), (9.12)

So far we have just prepared a set of differential operators generating a Lie algebra. The
reason for considering such operators is that every Airy structure produces a unique power
series of o' that is annihilated by those differential operators. Furthermore, this unique power
series generally serves as a generating function of some enumerative invariants. The main

theorem given in [20,21] is summarized as follows:

Theorem 9.2.3 ( [20,121]). There exists a unique series

Rt , N i
Z = exp (ZZWFW(%'“ wa) (9.13)
9>0 n>1
where F,,, € Hom(V®" C) are symmetric tensors such that Fy (i1, - -+ ,in) = Fyn(ei, - ,€,)
and F071 = O, FO’Q = 0, and
Vi L;-Z=0. (9.14)
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Explicitly, F,n+1(i, J) for 29 —24+n > 0 are recursively given by

Fyni1(i,J) = Aiyi09.00n2 + Didp 0041

d
1
T ZBZZIC gn l J\Zk 5 Z Cileg—l,n—i-2(l7k7 J)

k=1

+3 Z Ckl Z Z g1, n1+1 k Jl)FQQ,TL2+1(l7 ‘]2) (915)

kl 1 g1t+g2=g J1UJ2=

where J = {i1, -+ ,in}.

Since symmetric tensors F,, € Hom(V®", C) would have many indices, we denote the
components Fy ,(€;,,- -+ ,e;,) by Fy,(i1,- -+ ,i,). We leave the detailed proofs of Lemmam
as well as Theorem to the next section where we construct a supersymmetric version,

but let us give a sketch here.

First of all, it is not so difficult to reduce the set of differential equations to the
recursive equations ({9.15)), we simply need to collect the coefficients of the same power in
z' order by order in h. Note that we use the symmetry of indices of F,,(J) to derive
from . Then, it is also straightforward to see that the solution of is
uniquely constructed by the recursive equation if such a solution exists. Therefore,
the key is the existence. Notice that the first index ¢ of F;,,11(4,J) in (9.15)) plays a different
role from others in J. In particular, indices in J are explicitly symmetric by construction
while ¢ and J are not symmetric at first glance. This seems problematic because we
started from symmetric tensors F, but the recursive equations may not reconstruct
symmetric ones. As explicitly computed in [21], however, it can be proven that the F ,, 11 (i, J)
constructed from become all symmetric if the set of differential operators L; generates
a Lie algebra. Therefore, the requirement of a Lie algebra in the definition of Airy structures

is very important.
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9.2.1 Airy Equation

Let us consider the simplest example of Airy structures [112]. If the vector space V is one

dimensional, an Airy structure us a differential operator of the form

A, K2
L = hd, — 5’ = hBad, — 00,0, — hD, (9.16)

where x is a linear coordinate on V. Now we consider an example of the choice A = B =

C =D = 1. Let us define another coordinate y by
y = (2h)73(1 — 2z — h), (9.17)

and also the partition function Z(x) by

Z(z) = exp G_L (x - 5952)) Z(y) (9.18)

027 =yZ. (9.19)
This is none other than the Airy equation. This is one reason for the name Airy.

9.2.2  Graphical Interpretation

One can interpret the recursive equation ((9.15)) as a decomposition of trivalent graphs whose
vertices have precisely three legs. Trivalent graphs for Airy structures form so-called trees
where a trivalent graph of n + 1 external legs have one root and n leaves. We denote leaves
by dashed edges, and lines that can potentially be roots by arrowed edges. See , ,
and as examples. We now give a detailed definition of graphs for Airy structures

following [19].

Definition 9.2.4. For n,g > 0 such that 29 — 1 +n > 1, we define G, 41 (4,41, - - , i) to

be a set of connected trivalent graphs with the following 5 properties:
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1. 29 — 1 + n vertices,

2. 1 root labelled by 1,

3. n ordered leaves (i1, ,iy),
4. 3g + 2n — 1 edges,

— 29 +n — 1 arrowed edges,
— n non-arrowed edges from a vertex to a leaf,
— ¢ non-arrowed inner edges where one end is the parent of the other following the

arrows along the tree.

5. Arrowed edges form a spanning, planar, binary skeleton tree with the root i. The

arrows are oriented from roots towards leaves.

6. If an arrowed edge and a non-arrowed edge come out of a vertex, the arrowed edge is

always on the left child.
7. Edges can cross only between two non-arrowed edges.

At each vertex of a graph, we would like to assign some quantities, so-called weights.
Vertices incident to an entire loop are assigned D;, vertices incident to one leaf are ij,
vertices incident to two leaves are A;j,, and vertices without leaves are C’fk They are

pictorially represented by

_ 7 kE / o g >
Aijk—7;+—< ) Bij_i ) Di_z’+4 X

J J
k k
et = +< , o CF = +/ , (9.20)
j R
where the standard lines — cannot be connected to leaves except for the root. Then, one

can show that F,,1(J) for 29 +n > 2 can be given by the sum of all weighted trivalent

trees.
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Proposition 9.2.5 ( [21,]112]). Let G € Gy pi1(i, 01, ,i,) be a graph defined in Def-
inition w(G) be the weight of the graph G given by the assignments (9.20)), and
Fyni1(iyig, -+ ,i,) be the free energies computed from the recursive equation (9.15)). Then,

we have

Fyai(iyin, + in) = 3 _wG) (9.21)

< Aut(G))
GeGg,n+l(Zﬂly'" 7Zn)

where |Aut(G)| is the group of permutations of inner edges of G that preserves the graph

structure.

Example 9.2.6. By Proposition [9.2.5, F,,4+1(4,71,- - ,1,) for 29 +n = 3 are computed as

w(C) s
Z :i+—/\<\\\i2 + “ie- gy T Z'+/_i\\</\\l.2 (9.22)
~ ) |Aut(G)] . \ \
GEGo,4(i,i1,82,43) . . " ; S Z
1 1 1

_nl l 1
—Bn‘lAlizis + BiigAli1i3 + BiigAliliQ

=Fo.4(7,11, 12, 13). (9.23)

77N

w@ _ o .
> m—thJrz@h

GG ,2(i,i1)

— B!

171

1
Dy + icflAzml

=F2(1,11) (9.24)

Note that the 1/2 factor in front of the Cf’lAjkl is from the automorphism of the second

graph.

Remark 9.2.7. For a one-dimensional vector space, let us choose all weights A, B,C, D
to be 1 as in Section [9.2.1] Since there is only one index, we can omit writing indices for
Fyn(iv, -+ i) and Gy 4q9(4,41, - -+ ,4,). Then, Proposition m shows that the free energy
F,, is given by

1
Fyn= > Gl (9.25)

GEGg,nJrl
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Thus, F,, in this simple example essentially compute the number of trivalent graphs.

9.2.8  Quantization of Lagrangian Subspaces

It is always helpful to view things from different perspectives. Here, we give another point of
view on Airy structures as quantization of Lagrangian subspaces. Let us define Lagrangian

subspaces.

Definition 9.2.8. Let (M,w) be a symplectic vector space of dimension 2d where w is the

symplectic form. A Lagrangian subspace L is a submanifold such that dim L = d and w|;, = 0.

Definition 9.2.9. Let (M,w) be a symplectic vector space of dimension 2d where w is the
symplectic form, and f, g be smooth functions on M. Then the Poisson bracket {f,g}p is
defined by

{f,9}p = w(df,dg) = w0, f0,g. (9.26)

One can find coordinates (z*,y;) called Darbouz’ coordinates such that w is written in the

canonical form

d
w= Z dz" A dy;. (9.27)

i=1
Hence, the simplest way of defining a Lagrangian subspace is to set all y; = 0.
Let us now deform such a Lagrangian subspace. That is, we consider a subspace con-

strained by d equations H; = 0 where every H; is in the form
1 bk k. Lk
H; =y; — §Az~jk:p a" — Bialyy — 502- YiYk- (9.28)

Note that if A = B = C = 0, this condition reduces to the simplest case where 1y; = 0.
A subspace simply constrained by H; = 0 does not always become a Lagrangian subspace
because w does not identically vanish on the subspace. It turns out such a subspace is a

Lagrangian submanifold if and only if the Poisson bracket between H; is closed
{H;, H;}p = [} Hx. (9.29)

Indeed a classical Airy structure is defined as follows.
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Definition 9.2.10. Let (V,w) be a symplectic vector space and (z*,y;) be Darboux’ coordi-
nates where the symplectic form is written in canonical form. A classical Airy structure is a

set of quadratic polynomials H; of (2, y;) of the form
Lok ghog Lok
H; =y, — §Az‘jkx T — Bijx Yk — §Ci Y5Yk, (9.30)

such that their Poisson bracket is closed.

Quantization of Airy structures means that we upgrade Poisson brackets {, , } to com-
mutators [, | and coordinates (', y;) to operators (', 7;) such that [g;, #'] = hd}; where h is
a formal constant. The canonical choice is

. 0
b=l gi=ho

(9.31)

Then, the resulting quantized Airy structure is none other than Definition [9.2.1] Note that
the B-terms in ([9.30)) have an order ambiguity (z’y, or y,x?) which gives different choices of

quantization. Such a quantum effect is encoded in the D term.

9.3 Eynard-Orantin Topological Recursion

As discussed in Theorem [9.2.3 every Airy structures possesses a unique recursively deter-
mined partition function Z. Then a natural question is: what is Z computing? Is it a
generating function of some interesting enumerative invariants? The answer is yes, and in
this section, we give the relation between Airy structures and the Eynard-Orantin topologi-
cal recursion defined in Theorem [7.4.4] The initial data for the Eynard-Orantin topological
recursion is a spectral curve, while the initial data for Airy structures is encoded in a set of
tensors A, B, C, D defined in Definition [9.2.1. Therefore, our goal here is to construct tensors
A, B,C, D from a spectral curve. The result is summarized below: see [21] for a detailed

derivation. We use the same notation as in Section [7.4]
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9.3.1 Decomposition

Let (X,2,wo1,wo2) be a spectral curve. Since the wy,(J) for 2g +n > 3 obtained from
the Eynard-Orantin topological recursion have poles only at the ramification points, we
expect that they can be decomposed by a basis of differential forms with poles only at
the ramification points. More explicitly, let us consider a point p € ¥ in the vicinity of a
ramification point r € v where a local coordinate z is defined by , and construct a

locally-defined meromorphic 1-form & ,(p) by

a (2k + 1)dz(q)
6urp) = Res [ anan) T (932
It can be shown [21] that & ,(p) has only one pole of degree 2k + 2 at p = r. Then, the
following lemma states that we cab rewrite the wy (/) for 2g+n > 3 by a linear combination

of products &, (p).

Lemma 9.3.1 ( |21]). Let wy,(J) for 29 +n > 3 be a multilinear differential computed
from the Eynard-Orantin topological recursion based on a spectral curve (X, x,wp1,wo2), and
{&, i (pi)} be a set of meromorphic differential forms defined by (9.32)) at each ramification

point p;. Then, there exists a unique decomposition of wy,(J) in the form

wonlD) =30 W o] [Tk (9.33)
S =

9.3.2  Correspondence

Next, we define the dual basis & ,.(p) of &.-(p) by

2(p)?HL
gk,r<p) = mu §E§£k7r(p)€l’r/ (p> = 5]@157’,7‘" (934)
Furthermore, we define 0(p) by
2
O(p) = — (9.35)
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where 2 : z(p) — —z(p) is a local holomorphic involution. Since wp1(p) has at most one

double zero at p = r by definition, one can expand 6(p) as

) = 3 toy2(p)™— (9.36)

= dz(p)

At last, we define an expansion of w2 when p;, ps are in the vicinity of 71,7, € v respec-

tively as

wo,2(P1,D2) = << O N + Z voz 1l ?22}2(291)[12(272)12> dz(p1)dz(p2).  (9.37)

2(p1) — z(p2 0

Let us now construct A, B,C, D as

Al 1) (ko o) (kaors) = qPierSl &y (@dEL, . () dEE, . (0)0(q)), (9.38)
k3,r * *
Bl )k = RES (1, (0L, 1 (0)6rsr, (0)0(0). (9.39)
O — Res (& (0)Erra (0)Ere,rs (0)0()), (9.40)
(k1,r1) q—T1
Dy, = 6o [ 2t [“”}+1t + Lt (9.41)
kr = Ok0 5 —-1,r%02|0 0 3 0,r 24 k1l—1r- .

Then, we have

Proposition 9.3.2 ( [20,21]). Let F,,,((k1,71),- -, (kn, 7)) for 2g-+n > 3 be the free energy
obtained by the A, B,C, D defined by (9.38))-(9.41)) as in Theorem [9.2.3] Then, we have

Fyn((kt 7).+, Gy 7)) = W[ 0], (9.42)

1 Tn

where Wy, [klk ] are defined in (9.33)) in Lemma|9.5.1

Remark 9.3.3. As shown above, to any spectral curve we can associate an Airy structure

that calculates the same invariants as the Eynard-Orantin topological recursion.
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9.8.3 The Airy Curve

Let us give the simplest example in this construction, namely we choose the spectral curve

to be the Airy curve y* = 2z. We parametrize x,y by a local coordinate z as
L,
y=-z 1= (9.43)

then, the only ramification point is at z = 0. Accordingly, the ¢, &} basis and 6 are given by

Z2k+1 (2k +1)d= 1
ST &r(z) = e 0(z) = 2. (9.44)

&(z) =

In particular, the expansion coefficients ¢ » [ﬁ {22] are all zero. If we apply these to the set

of formulae ((9.38)-(9.41)), we get

Aijk: — 5i=j=k=17 (945)
2k —1
By, = %1 Oitj—2,k; (9.46)
; 27 —1)(2k —1
e = BV (9.47)
1
D; = —0;5. 4
7 24 7,2 (9 8)

We will discuss later a relation between these A, B,C, D and those obtained from a vertex
operator algebra. Using this fact, it is straightforward to show that these A, B, C, D satisfy
Lemma [9.2.2]

9.4 Examples

We illustrate a few examples of Airy structures that are somewhat related to topics in theo-
retical physics. In particular, the following examples have supersymmetric analogues in the

framework of super Airy structures that we will develop in Chapter [10]
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9.4.1 Frobenius Algebras

A simple, yet interesting type of Airy structures is that associated with Frobenius algebras.
This is because F ,,(.J) in fact compute correlation functions in a topological quantum field
theory in two dimensions. See [21,|112] for a detailed discussion.

Let us first define a Frobenius algebra:

Definition 9.4.1. A Frobenius algebra A over C is a finite-dimensional vector space equipped
with a commutative, associative product A ® A — A, and a non-degenerate bilinear form

6 A A - C.

Note that Frobenius algebras can be defined for arbitrary field K, but we just stick to C

for simplicity. Then we construct a Airy structure as follows.

Lemma 9.4.2 ( [21]). Let (e;) be a basis of a super-Frobenius algebra A, and (¢?) be the dual
basis such that

d(ei,el) = ol (9.49)

Then for any 04,0p,0c € A,
Ajjr = d(0aeiejer), ij = gb(@Be,-ejek), Cl-jk = gb(@ceiejek), (9.50)

and arbitrary D; define a quantum Airy structure on V = A with vanishing structure con-

stants i’; =0.

Proof. We prove the supersymmetric analogue in the next section which can be specialized

to this Lemma. ]

On the other hand, topological quantum field theories are theories whose correlation
functions are independent of the choice of metric. Well known examples are Chern-Simon
theory, or topological A-model and B-model [114]. As discussed in [115/116], it turns out that
one can always associates a Frobenius algebra with a topological quantum field theory in two
dimensions and vice versa. The precise relation between correlation functions in topological
field theories and the free energies of Airy structures associated with Frobenius algebras is

summarized as follows:
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Proposition 9.4.3 ( [21|112]). Let A be a Frobenius algebra. For 2g +n > 2, let F, 41 €
Hom(A®" 1 C) be symmetric tensors computed by Theorem with the Airy structure
defined in Lemma [9.4.2, Then,

Fyni1 = |Gg,n+1|]:(zg,n+1)a (9.51)

where F (X, ,41) 1s genus g, n+1-point correlation function of the two dimensional topological

field theory in two dimensions associated to the Frobenius algebra A, and |G, ,11] is given by

(19.25)), that is,
1

Gl = Y el (9.52)

GEGyn

9.4.2  Vertex Operator Algebras

Vertex operator algebras are algebraic constructions of conformal field theories in two dimen-

sions. It turns out modules for some vertex operator algebras give rise to Airy structures
corresponding to the Eynard-Orantin topological recursion as in ((9.38)-(9.41]). Let us first

give a formal definition of vertex operator algebras following [117,[118].

Definition 9.4.4. A vertex operator algebra is a quadruple (V,Y,w, 1) that follows the

axioms below:

e IV is a Z-graded vector space

V=][W; forveVi, wto=Ek (9.53)
keZ

such that Vi, = 0 for a sufficiently negative n and dim V}, is finite for every k € Z.

e YV :V — (EndV)[[z,z7!]] is a linear map

Y:ive—Y(v,z) = Zvnx_“_l, veV, w, € EndV. (9.54)

nZ

Furthermore, for every u,v € V, there exists a positive integer N such that

(z —y)VY (0, 2)Y (v,y) = (x —y)"Y (v, )Y (1, y). (9.55)
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e 1 cVjobeysY(1,2)=1y.
e For w € V4, let us define

Y(w,z) = anx’”’l = Z L,z "2, (9.56)
nZ nZ

then Lov = (wt v)v, L, generate a Virasoro algebra with central charge ¢

C
(Lo, L) = (n —m) Ly yn + E‘S"“”’O(”S —n), (9.57)

and furthermore

Y(L_yv,z) = %Y(v, x) (9.58)

for every v € V.

In the conformal field theory language, V)Y, 1,Y (w,x) are respectively called the Fock
space, the state-operator correspondence, the vacuum state, and the (chiral part of the)
energy-momentum tensor. v, play the role of creation/annihilation operators, Ly tells us the
conformal weights by Lyv = (wt v)v, and is a requirement equivalent to the operator
product expansion. Therefore, this definition captures all the properties of the chiral part of
conformal field theories. Note that vertex algebras are defined without w.

The Heisenberg vertex operator algebra is the one corresponding to the conformal field

theory of a chiral free boson.

Definition 9.4.5. The Heisenberg vertex operator algebra is a vertex operator algebra

(V,Y,w, 1) equipped with:
e b € V) such that b,, defined by
Y(bx) =) by ", (9.59)
nZ

generate a Heisenberg algebra [b,, by,] = 1n0y4m.0-
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e Y(v,x)is defined for v =>0_,, ---b_,, -1 €V as

Y (v, z) = (ﬁ (%)m_lm, :1:)) (ﬁ <%>nk_1Y(b, a:)) :

(9.60)
where : : denotes normal ordering, and we define Y (1,z) = 1y for k& = 0.
e w is given by
1

W = §b_1b_1 (961)

One can indeed show that L, computed by Y (w, x) with (9.61)) are written as
L—lz'b b - (9.62)

n — 9 - Vk—nUk - .

kEZ

where the central charge is ¢ = 1.

Our goal in this section is to find a set of differential operators constructed from the
Heisenberg vertex operator algebra. Recall that there are two important features to define
Airy structures: differential operators should be in the right form as in , and they should
generate a closed Lie algebra. From the commutator relation , it is straightforward to
see that a closed algebra is generated by a set of Virasoro operators {L,>;} where the set

with f = —1 gives the largest subalgebra, and smaller subalgebras are given by sets with

f>0.

The next step is to represent these L,, in the right form as in . To do it, we need to
consider representations of the Heisenberg vertex operator algebra. One can formally define
representations of vertex operator algebras in general, called V-modules. However, for sim-
plicity instead, we shall show two explicit differential ring representations of the Heisenberg

vertex operator algebras, twisted and untwisted ones.



Chapter 9. Airy Structures 153

Untwisted Modules

We start with untwisted modules. Let ¢° for i € Zsq be a set of formal variables, then a

simple representation of b, is given by

by = vl

0x0’ bt =

kx*, by = \/ﬁ%, k> 1, (9.63)

9~
=t

where we abuse notation slightly and denote the representation of the modules b, by the
same symbol. Note that it is straightforward to show that this representation generates the

Heisenberg algebra [by,, by, = n0p4mo. Then, L, for n > —1 can be written as

0 fiem 0 0O

_ k - .

L,=Y kz i Z 5 B (9.64)
k>0 7=0

Notice that this is indeed equivalent to the Virasoro operators in (6.30]) after shifting 2% —

22 + Ty/2 and identifying 2* = g;. However, this Airy structure is not an interesting one due

to the absence of A terms and D terms.

It turns out that nontrivial Airy structures can be produced by a smaller subalgebra
generated by {L,>¢} for f > 0. To have the correct linear term as in (9.5)) , we define L; for

© > 0 by conjugation as

; ! ! o) 1
[Li, L) = h(i = ) Livjes, (9.66)

where L, are given by . This conjugation is sometimes referred as a Dilaton shift.
Since conjugation does not change the commutation relations, the L; are still a representation
of the Virasoro subalgebra. Note that the last term in is not a D term because it has a
wrong power of h. A key observation is that jlo, 21, -+-, Ly do not appear on the right hand
side of the commutation relation ; thus, we can remove the last term of and add

constant D terms into these f 4+ 1 generators without changing the commutation relation.
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As a consequence, the following set of differential operators L for a given integer f > 0

i+f

AP o WL o N Y9 9.67

R B e R D B v e = R
k>0 Jj=0

[Li, L;] = h(i — j)Livjty, (9.68)

defines an Airy structure whose associated partition function is nontrivial thanks to nonzero
D terms. It is worth mentioning that strictly speaking this is not a representation of the
Heisenberg vertex operator algebra anymore because we have modified the L, by adding

constant terms by hand.

The Heisenberg algebra is still generated even if we choose by = 0 in (9.63)), that is, we

represent b, by

1 0
b() == O7 b_k == Ekxk, bk = \/2_71%,

Following exactly the same technique given above, we can define an Airy structure {L;} for

k> 1, (9.69)

i>1and f€{0,2,3,4,---} such that

: bl_f ) ( bl_f ) 1
Li = he S ——— Lz e _ ] — _5i 1+ hDZ(;Z

0N O S . :
=M h I Gty & guggrt MDA, O
- J=

[Li, Lj] =i — J) Litjrp-1- (9.71)

Note that f # 1 because we cannot conjugate with by as we chose by = 0. Similarly, the
partition function associated with this Airy structure becomes nontrivial. As a remark, it
is somewhat surprising that we can reconstruct the so-called topological recursion without
branch covers (see [21]) from this smaller Virasoro subalgebrall] Indeed, one can show the

following proposition:

Proposition 9.4.6. Let us construct the Airy structure associated with topological recursion

Tt remains to be investigated whether there exists a topological recursion without branch covers corre-
sponding to untwisted modules with nonzero by as in (9.63]).
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without branched covers that is defined in Section 10 in [21)] with spectral curve given by

f+1

Y=P, w (z)——% wo2(z Z)_dzl—sz w (z)—E —Dd—z (9.72)
= , 0,1 - Zf’ 0,2\~1,~2) — (21_22)27 1,1 - kzl-i-k" .

k=1

where z is a local coordinate. Then, this Airy structure precisely corresponds to the Airy

structure formed by the set of generators (9.70) of the smaller Virasoro subalgebra.

Proof. The &-basis and 6(z) in this case are givenﬂ by

1 2

E(2) =25 &(2) = Zk+1dz’ 0(z) = 7 (9.73)

where all indices in this proof are positive integers. According to Section 10 in [21], the

tensors A, B, C are computed by (9.38)-(9.40]) as
A =0, B =—jdirjn, CF =6 jini1. (9.74)
The definition for D; is different from (9.41)) but it is defined by wy 1(2) as

w(z) = Di&(2). (9.75)

k>1

Thus, we can immediately read all D; off from the initial condition (9.72]). The resulting

differential operators are

) 0 = R
L i v Lz v )
Li=ho+ hz I T T Y 2 g gt T D (9.76)
j=1 Jj=1
They precisely match with ((9.70)). ]

Note, however, that It still remains to be seen whether they are computing some enumer-
ative invariants. Also, note that this smaller Virasoro subalgebra approach does not work
for f = 1, which is the case where wp;(2) has a residue at the ramification point. Is there

any geometric meaning behind this fact? This is worth investigating further.

2This definition for the &-basis is slightly different from the one given in Section 10 in [21], but this is not
an issue because it is just a choice of normalization.
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Twisted Modules

We now study twisted modules of b, generating the Heisenberg algebra. See [119] for a
rigorous definition of twisted modules. What computationally differs from untwisted modules
is that we shift the indices of representations to be half-integers, yet generating the same
algebra

~ 1
(b, b] = n0pim, n,meZ+ 5 (9.77)

where we denote twisted creation/annihilation operators by En instead of b,,. For those who
are familiar with super conformal field theory, this is essentially analogous to the difference
between a fermion in the NS sector and that in Ramond sector. In particular, by using a set

of formal variables z?, b;, can be written as

- 1 TR 0 1
by = ——22 by =kV2h———, k€ Zso+ —. 9.78
* V2h ‘ o =2 ( )
The L, in this representation are then given by
L, =2 > by +0 = (9.79)
n — - Vg—nVEk - n,0 16 .
kEZ41/2

Notice that this is different from the expression of L, (9.62)) without twisting. Or in terms

of formal variables z?, they become

i plgl o 4 hea . 1
Li =6~ + 2> (2 +2j = 5)27 Oppja + 1 > (25— 1)(2i — 25 — 3)0;0,_j-1 + dintg
j>1 j=1
(9.80)

where we simply shifted the indices by L; = L;_5 so that the new L; are labelled by positive

integers @ € Z~y.

To bring the operators L; to the correct form, we apply a dilaton shift to L; as

. 2h 0\ - 0
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where we conventionally multiply by a constant. The resulting differential operators L; are

- It 21427 -5
Li=hoh + 60+ Y. T i,

2 L9 1
j=1
R 2 (25 — 1)(2i — 2j — 3) h
+ ? : 2 — 1 83'81;];1 + 51'72%. (982)

Jj=1

As one can see from , L, has a nonzero A term and L, has a nonzero D term, thus,
the associated partition function is nontrivial. Note that these L; originated from the biggest
Virasoro subalgebra {L_;} in contrast to untwisted modules where we started with smaller
Virasoro subalgebras. Furthermore interestingly, if we read all the A, B,C, D from ,

we get

Aiji = Oimjmk=1, (9.83)
ij = %@ﬂ'—zk, (9.84)
clF = 2 _2??]1{ — 1)5i,j+k+17 (9.85)

D, = i@,z. (9.86)

They are precisely the same as the A, B,C, D corresponding to the topological recursion
for the Airy curve as we showed in Section [9.3.3] Therefore, we have derived the following

proposition:

Proposition 9.4.7. Let L-_; be Virasoro operators derived from the twisted module of the

Heisenberg vertex operator algebra. Then, a set of differential operators L fori € Z~q defined

- 2h 0 0
Li = 2 — 1 exp (—@) LZ‘_Q exp <@) 5 (987)

precisely match with the Airy structure corresponding to the Eynard-Orantin topological re-
cursion (9.38))-(9.41) whose spectral curve is the Airy curve y* = 2x.

In summary, the twisted module gives rise to the Airy structure associated with the

by

Eynard-Orantin topological recursion whose spectral curve is the Airy curve. This means
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that the F,, are computing the Kontsevich-Witten intersection numbers on moduli spaces
of stable curves. The correspondence between Airy structures and different classes of twisted

modules of vertex operator algebras can be generalized further. See [121] for more detail.

Remark 9.4.8. If we construct an Airy structure from a smaller Virasoro subalgebra {L,>¢},
or equivalently {_ZZ‘ZQ} in (0.80), with a dilaton shift with 0; instead of 0, as in (9.81)), it
can be shown that the Airy structure corresponds to the one obtained from the Eynard-
Orantin topological recursion for the Bessel curve y*> = 1/x following Proposition . As
a consequence, the Fy, compute intersection numbers on moduli spaces of different classes

[120].

Remark 9.4.9. These two are the only examples we know from this twisted module
that correspond to the Eynard topological recursion. If we consider an Airy structure from
a further smaller algebra{L;} for f > 1, or equivalently {L;s;»} in (9-80), a Dilaton shift
by z/ /h gives a linear term hd; in f/z‘z1 and a constant term in L 7 as similar to (9.65)). Then
we can add constant D terms to the first f + 1 Virasoro operators such that the associated

partition function is nontrivial.
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10 Super Airy Structures

In the last section, we shall propose an interesting generalization of Airy structures, called
super Airy structures [5]. The idea is natural; since an Airy structure is a set of differential
operator generating a Lie algebra, can we define a supersymmetric version of Airy structures
in terms of Lie superalgebras? Can we show the existence and uniqueness of the corresponding
partition function Z? And if so, what is the partition function computing? Is it a generating
function of some sort of ‘super enumerative invariants’?

In this section we define super Airy structures and prove uniqueness and existence of the
partition function. We give examples of super Airy structures in terms of super Frobenius
algebra and vertex operator superalgebras.

An interesting new possibility arises. Namely, the number of differential operators can
be one less than the dimension of the underlying vector space. Application to enumerative
geometry remains to be investigated.

This is a joint work in progress with V. Bouchard, P. Ciosmak, L. Hadasz, K. Osuga,
B. Ruba, P. Sutkowski.

10.1 Constructions

Even though we have already seen a super Virasoro algebra in Chapter |8 that is a special

example of Lie superalgebras, let us formally define a Lie superalgebra.

Definition 10.1.1. A super vector space is a Zo-graded C-vector spaceﬂ Vi =We .
Homogeneous elements in Vj are called even, those in V; are odd. For a homogeneous element

v € Vi, we define the parity |v| by |v| = i.

Definition 10.1.2. A Lie superalgebra is a Zs-graded vector space g = gog & g1 equipped
with a bilinear product [, ] : g x g — g such that for homogeneous elements a € g;, b € gj,

and ¢ € gy,

!The vector space is not necessarily over C in general, but this will be sufficient for the purpose of this
thesis.
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o [CL, b] € gi-i—ja
o fab] = —(=1)p,d],
d (_1)|aHC‘ [(l, [b7 CH + (_1)|b|‘a|[bv [C, CLH + (_1)|0Hb| [C’ [a’ b]] =0.

It is straightforward to check that a super Virasoro algebra with a super commutator is

an example of a Lie superalgebra.

10.1.1  Super Airy Structures

We now turn to the definition of super Airy structures. Let V = V& V] be a Zs-graded d+ 1
dimensional vector space with linear coordinates x/ where higher case indices I, J, K, - - - have
the range 0 < I < d whereas we denote positive integers 1,2, --- ,d by lower case indices
i,7,k,---. Hereafter, we often denote the parity for homogeneous elements by their indices,
e.g., |#!| = |I| where |I| = 0 if 2! is a coordinate in Vy and |I| = 1 if 27 is a coordinate in
Vi. Thus, 2z’ = (—=1)Vz72! and in particular, we choose z° to be an odd variable, thus
|29 = 1.

We next prepare zero-graded tensors A, B, C, D as
A€ Hom(V® C), Be€Hom(V*? V), C€Hom(V,V**) D€ Hom(V,C), (10.1)

Note that if T is a rank-(n,m) zero-graded tensor, T'(vy, -+ , vy, wy, -+ ,wy) = 0 for any
homogeneous vectors v; and dual vectors w; unless Y ", |v;| + > 7% [w;] = 0. Thus, D has

no odd component by definition. We further impose that
Aoy = B, =CJ¥ =0, (10.2)

Ay = (=D A ey Ay = (0)I01A e 78 = (—1)VIKICKT (10.3)

where Ajjx, BE, C/K are components of tensors A, B,C. We say a rank-(2,0) tensor T
is Zy-symmetric if T(vy,vy) = (—1)PP2T (v, v)) for any homogeneous vectors vy, vs, and

similarly for higher rank tensors. Thus, A, C' are partially Zs-symmetric tensors.
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Remark 10.1.3. One needs to be careful that we do not impose any relation between Ag;x

and A;o. We define Ak to vanish only if the first index is 0, but A;ox can be nonzero.
We are now ready to define super Airy structures:

Definition 10.1.4. A quantum super Airy structure on V is a sequence of d differential

operators L; of the form

Airk J K K, J Ci]K
generating a Lie superalgebra
[Li, Lj]s == LyL; — (-1)"WIL;L; = hffi Ly, (10.5)

for some f}; and a formal constant h.

We use the Einstein summation convention for repeated indices; if higher case indices are
repeated the sum is from 0 to d whereas if lower case indices are repeated the sum is from
1 to d. Note that all L; may depend on 2° and the derivative with respect to z° in their
quadratic term, but 2° never appears in the linear term in L;. Accordingly, the dimension of
the underlying super vector space is one more than the number of differential operators L;.
For this reason, we call 2° as an extra variable. This should be contrasted with the definition
of Airy structures, Definition [9.2.1], where the number of differential operators L; is the same

as the dimension of the underlying vector space.

Remark 10.1.5. If V; is empty, Definition [10.1.4] reduces to Definition [9.2.1] Hence, all
lemmas, propositions, theorems and their proofs below apply to non-supersymmetric versions

discussed in the previous section by setting dim V; = 0.

The requirement of a Lie superalgebra requirement (({10.5)) gives rise to a set of constraints
on the tensors A, B, C, D.

Lemma 10.1.6.
Ajie = (1) A e (10.6)
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fi’; = (_1)\illj|Bij _ Bﬁ-a (_1)|i\\j\ng ~ BY% =0, (10.7)

Bl Ajpr + (D) B A e + (=1)19BE Ayier, = (1) (i 4 ), (10.8)
BixBjp + (=1)KWHCHP Ajpe + (~1)WIBE B = (1) (0 & j), (10.9)
CIPBl, + (=1)FWHCHPBE, 4 (—1)l BE.CEE = (—1)l(i 5 ), (10.10)

S0P sp + (-1 BL D, = (~1) (i 45 ), (10.11)

Proof. We simply expand the super commutator (10.5)) and collect terms with respect to z€

and O; as

-
[Li, Lj)s = (—h (Ajika™ + hBJOk) + 295 ot (Bl Ajpr + (—1)FIHBE Ajp )

h3
+ 122X 0, (Bl Blp + (—1)/FIHCE A pi) +

5 00 (CFT B + (-)IMCE BY)
h2 PQ il (o
C’ Ajgp | — (=1)"VI(G + j)

=h Z.’;.Lk. (10.12)
Then by comparing both sides, we obtain the set of constraints. O

10.2 Partition Function

It is possible to prove a supersymmetric analogue of Theorem . As the F ,, are symmetric
tensors for Airy structures, it is natural to impose that the partition function for a super
Airy structure is constructed by Zs-symmetry tensors Fy ,,. However, the mismatch between
the number of differential operators L; and the number of variables x! requires extra care.

In this section we shall state the generalized theorem and give a proof.

Theorem 10.2.1 ( [5]). There exists a unique Zo-graded series

d
po-!
Z = exp <ZZ 2. WFg,n(h,---,1n>xh---xfn>, (10.13)

920 n>1 I, ,In=0
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where Fy,(Iy,--- . 1,) are components of Zy-symmetric zero-graded tensors F,, such that
F071 = FU,Q = 0, and
Vi L;-Z=0. (10.14)

Explicitly, Fyni1(1,®) for 29 —24n > 0 are recursively given by

Fg,n+1(i7 (I)) = Ail1125g 05n 2 + D(sn 06g 1

+ZUIkC‘I’ZBzIk gn (P, P\Ix) + = Z CPQFg 1n42(Q, P, ®)

PQ 0
+5 Z Z Z U‘IHC‘I’C g1 n1+1<P7 ®1)Fg2,n2+1<Q7 (I)Q)a (1015)
PQ 0 g1+g2=g P1UP2=

Fypi1(0, 1, ®\I,) = (—1)VI|Fg,n+1(11, 0,®\1,), (10.16)

where ® = {I,--- ,I,} and ojc¢ is the sign of permutation from ® to {I,P\I}.

The proof consists of three parts. We first show that the condition L;Z = 0 implies the
recursive formula for Fy ,11(i, ®). However, we independently define ((10.16)) so that the F,,
are Zo-symmetric. Then, by using ((10.15)) and (10.16[), we show that the solution is uniquely

determined. Finally, the existence is proven in the spirit as in [21] for Airy structures.

Proof. (10.14) = (10.15)). It is computationally easier to consider

1
O, - 0n 7 LiZ| =0, (10.17)

and collect terms order by order in A. Note that the order of the derivatives is important.

The A term and D term are

1 AzJK J K
In h A ( 2

A
:aln Ce all <_%$JJ)K . th)

x:O

z=0

- — Z h 111]2 ng(sgo + hD (Sn 059 1) (1018)

g>0

By using the Zy-symmetry of F,,(®), it is straightforward to see that the linear term in L;
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contributes to ((10.17]) by

= WFynnli I, 1),

920

1
5In"'311§

Similarly, the B term gives

— 9y, -+ 0p, ZhBZ Dxlop - Z

=0

=0, 0> Y. Z Bf} Eym(P, Ty, Jn) - gpfm

g>0 m>0 P= o

Y o Fy (PO

g>0 k=1 P=0

Finally, the terms involving the C' terms would be

1 A2

~ O afiz 9

—CFR0p0g - Z

=0

- _8In8[1%gz Z ClPQap (ZZ%ngerl(QaJl?"' 7Jm)le"'meZ>

(10.19)

Q=0PQ=0 920 m>0 »
A
i (S L S I
g>0 m>0 PQ 0
h91 h92
i Z Z 2. m1|m2 Z O Fymi1 (P Ju, s Iy
g1,92>0m1,ms>0
X F927m2+1(Q7 J]{) oty J;ru) J1 “e x‘]ml x‘]{ e :L-J:n2>
x=0
d
h9
:_Z ZCP (g1n+2(Q P@)
g>0 — PQ=0
+ Z Z U<I>1C<I> 1n1+1(P7¢1)Fg27n2+1(Q,@2))’ (1021)

g1+g2=g ®1UP2=

If we collect terms order by order in h, we obtain the recursive equations ((10.15).

Uniqueness. Now suppose there exists a Z,-symmetric solution to ((10.14]). Then, by (10.15))
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and ([10.16]), we can uniquely determine F,,.;(7, @) for 29 +n = 2 by
Fos(i, 11, 1) = Ainyry,  Fos(0,i1, L) = (-1 4, 0,  Fi1(i) = D;. (10.22)

Note that guarantees that F, ,12(0,0, ®) = 0 for any g, n. Let us assume F ,,,11(I, ®’)
are uniquely determined where 2¢' +n’ < 2g +n. Then since is a recursive equation
in terms of 2¢g +n, the assumption is sufficient to compute £, ,,+1(7, ®), and then £, (0, D)
is uniquely fixed by imposing symmetry . Thus, by induction on 2g +n > 2, this

proves uniqueness of F 11 (7, ®).

Note that uniqueness does not hold any more if 2° is even. This is because the F,,, with
at least two entries being zero are not fixed by which would identically vanish if z°
is odd. Thus, this is a purely supersymmetric feature that never appears in the framework
of Airy structures. Also, if there are two extra odd variables 2°, ¢, then there is no unique
solution either because any F,, with 0 and d in its entries is not uniquely determined. This
shows that there can be at most one extra variable in order to have a unique partition func-

tion, and that this extra variable must be odd.

Existence. To prove existence, we start with the recursive formula (10.15) and (10.16)),

and we construct the Fj,. If those are Zy-symmetric, then we have constructed a solution

to (10.14)). Therefore, we need to prove that (10.15) and ([10.16) produce Zy-symmetric Fy .

The only nontrivial thing is symmetry between 7 and the other indices. We thus have to

show that
Fg,n+2(i>j7 CD) = (_l)liHj'Fg,n-f—Z(jv i> CI)) (1023)

Let us prove (10.23)) by induction on 29 +n > 1. For 29 +n = 1, we have Fy3(i,7,[1) =
A;jr,, hence (10.23) holds because of the condition (10.3)). There are Fy4(7,74, 1, Is) and
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Fi5(i,j) for 2g +n = 2. It follows from ((10.15)) that Fp4(4, j, 1, I>) becomes

F0,4(iaja [1a ]2)
d
=> (BPF03<P, I, ) + (=)VIIBY Fys(P,j, 1) + (—1)HEDIEIBE By (P, 5, m)

P=0

= BjFo3(0, I, Io) + (= 1)V (=1)"WBY Ay, 1, + Bij, Ajpr, + (1)1 Bl Ajpr,)
= (—1)|ZHJ|B?Z-F073(O, L, L)+ ((_1)|i\|le§?iAphIZ + BjPhAiPIQ + (_1)|11||12\BjPI2AiPh)

= (=)W Fou(h,i, I, 1), (10.24)

where we used ((10.7) and ([10.8) for the third equality. Similarly, for Fj »(i, j) we have:
d

1 .
F12 Z ] ZB”Fll 2 Z C;DQF073(QaP7])

P,Q=0
=Bi; Dy + (_1)“”]"501‘]362/1]'@19
(— 1)l (%CZPQA],QP N (—1)|i|jB§qu)
(1)l (il (%CJPQA@P N (_1)““3"331)@)
=(=D)IWF 5 (5,4), (10.25)

where we used F} ;(0) = 0 for the second equality and (10.11)) for the fourth equality. There-

fore, F}, ,12(i, j, @) are Zo-symmetric for 2g +n = 2 as well.

Now let us assume Zy-symmetry for Fj, n,42(2,7,®) up to 1 < 2h +m < 2g + n. ((10.15))

can be rewritten as:
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an+2 { ]7 ZBZ]FQTL+1 Q (I) +ZUIkC{]‘1)}ZBmngn+1(Q ],(I)\[k)

k=1

1 .
T 5 Z CiPQFg_l,n—}—?;(QaPa]vq))

PQ—o
+ Z CPQ Z Z U‘DIC@ g1 N1+1<P7j7 ®1)F92,n2+1<Q7 @2)
P,Q=0 g1+g2=g9 P1UP2=
d
:B%Fg,n-ﬂ (07 (I)) + Z qung,n—i-l (Q7 (I))
q=1

+Z(_ Hl]lal <I>ZBsz gnt+1(J, @, P\ 1)

5 HM Z C Q 1n+3(] Q, PcI))
P,Q=0
d

+ Z Osz(_]')‘J‘lpl Z Z 0<1>1C‘I>Fg1,n1+1(ja P7 ®1)Fg2,n2+1(Q7 (1)2)

P,Q=0 g1+g2=g ®1UDP2=>

(10.26)

The first term in ([10.26)) is Zo-symmetric thanks to (10.7). For the second term, we apply
(10.15)) to Fy ,+1(g, ). For the other terms, we substitute (10.15) into Fj, ,p41(j, ®’) for any

h,®" whenever j is the first index. The computation becomes very tedious; the final result

after simplification is summarized in the next page. As one can see, the red-highlighted terms

are Zo-symmetric thanks to Lemma [10.1.6] and the other terms are manifestly Z,-symmetric.

Therefore, we proved ({10.23)) by induction and this completes the proof of Theorem |(10.2.1]
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Fg,n+2(i7j7 (I))

=B} Fynt1(0,®) + (=)W(B] Ajpr, + (=1)"EIBE Ajpr, + (1) BL Ay, 1,) 60,2640

el illd
+(~1)11 (QCfQAjQP + <—1>L"J'B£le)5n,oag,l

1)l ZZ‘” coF, . (Q, <I>\Ik)<B£ BE, + (—1)QICRY A;pp, + (—1)F ””Bf’}BZ?J

k=1 Q=0
d
+ 5(_1)\2\|J| Z Fy1mi2(R, Q, ®) (CiQf BJRP 4 (_1)‘QHR|C¢RPB§QP + (_1)\L||J|BlijZC)QR)
R,Q=0
1
5 Hl]l Z Z Z UCI)lC‘I)Fgl n1+1(Q q)l) g2, n2+1(R (1)2)

g1tg2=g P1UP2=% Q,R=0

y (O?PB;%P+(_1)\QHR\CZ_RPB]C_QP (1)l HJIBPCQR>

1) TP

n d
1
+5 S % openes(—)PIE, (Q, P\ (I, 1}) (( 1)l BE B9 + Bﬁka%)
k=1 P,Q=0

n d
1
+ 5 Z Z Z Z U{IkquI}Cq)Fgl,nl"!‘Q(Q? P, CI)1>F92,TL2+1(R7 (1)2)
k=1 g1+g2=g ®1UP,=®\I, P,Q,R=0

P QR il P QR
(B COm 4 (—1)lilli BE ! )

Jl 1

n d
1 . . .
i 5 Z UIkCCI>Fg—1,n+2<P7 R, O, <I>\Ik) <CiquBﬁk(_1)lzllPl + (—1)'J”“BﬁkC?R(—l)l’”m)
=1 P,Q,R=0
d
1
+ 5 Z Z Z U{‘P1,‘D2}C¢’Fgl,n1+2<P7 R, q)l)Fz n2+1(Q (I)Q) g3 n3+1(S CI)3)

g1+g2+93=g 1UPUP3=D P,Q,R,S=0

« (C;%SC;”Q(_UUIISI n (_1)|i||j|cfsCfQ(_1)|z‘||5|)

d
. 1
+ Y ((yiickser? 1 cfser?) <§F92,n+4<Q,P, S, R, ®)
P,Q,R,S=0

+§ Z Z 04’1@1’ 1n1+3(‘DS R, q)) gzn2+1(Q (I)z)

g1tg2=g—1 ®1UP>=

1
* Z Z Z ‘SH ‘U¢1C¢>F917n1+2(P7 R, (I)l)ng,nz-i-?(Qv S, (I)?)) : (10'27>

g1+g2=9—1 ®1UP2=0
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10.3 Super Airy Structures Without an Extra Variable

The possibility of having an extra variable 2° is an interesting feature of super Airy structures
that has no analogue in Airy structures. In this section, however, we study super Airy
structures without an extra variable.

In Definition [10.1.4] we can replace the d + 1-dimensional super vector space with a d-
dimensional vector space if there is no extra variable. As a result, the dimension of the
underlying vector space matches the number of differential operators as in Airy structures.
This makes it possible to visualize the recursive formula using trivalent graphs. In
addition, we can interpret super Airy structures without an extra variable in terms of quan-

tization of super Lagrangian subspaces.

10.3.1 Graphical Interpretation

Almost all definitions and weight assignments in Section [9.2.2] can be applied to construct
a graphical interpretation of . The only thing that one needs to treat carefully is
the order of the indices, since they are not simply symmetric but Zs-symmetric. Therefore,
we need to add a few more rules on the weights A, B, C, D to respect Zo-symmetry. The
definition of trivalent graphs G ,,41(7, 1, - - ,4,) is almost the same as Definition :

Definition 10.3.1. For n, g > 0 such that 29 — 1 +n > 1, we define G ,,11(%, 41, -+ ,ip) tO

be a set of connected trivalent graphs with the following 5 properties:

1. 29 — 1 + n vertices,

2. 1 root labelled by 1,

3. n ordered leaves (i, - ,i,) labelled in counterclockwise order,
4. 39 + 2n — 1 edges,

— 2g+n — 1 arrowed edges,
— n non-arrowed edges from a vertex to a leaf,

— g non-arrowed inner edges where one end is the parent of the other following the

arrows along the tree.
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5. Arrowed edges form a spanning, planar, binary skeleton tree with root 7. The arrows

are oriented from roots towards leaves.

6. If an arrowed edge and a non-arrowed edge come out of a vertex, the arrowed edge is

always on the left child.
7. Edges can cross only between two non-arrowed edges.

The only difference is red-highlighted, namely, we label indices in counterclockwise order
which allows us to assign a sign to the graphs unambiguously. This ordering is implicitly
assumed in Definition [9.2.41

Now we assign the weights A, B, C, D. The most important difference from Airy structures
is that whenever two non-arrowed edges (k, [) cross, they give sign (—1)*ll which is visualized

as.

k
(—pHi =y (10.28)

The weights A, B, C, D are defined by

 k k -
_ , k _ s >
Aijk—@'$—< ) Bz’j—i+—< ) Di—i*J X

Y Y
, k . k
cit = Z+< . or OFF = Z+/ , (10.29)
j N

where these are exactly the same as (9.20). The only additional requirement is (10.28)). Then,

we have:

Proposition 10.3.2 ( [5]). Let G € Gy 11(4,41,- -+ ,in) be a graph as defined in Defini-

tion [10.3.1, w(G) be the weight of the graph G given by the assignments (10.29)) with the
additional sign structure (10.28)), and Fy ,41(i,%1,- - ,4,) be the free energies computed from

the recursive equation (10.15)) without an extra variable. Then, we have

. . w(G)
Fg,n+1(7/7Z17 RPN 7ZTL) — Z |Aut<G>|7 (1030)
GEGg nt1(i,01,+ in)
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where Aut(G) is the group of permutations of inner edges of G that preserve the graph struc-

ture.

Proof. Since the recursive formula for Airy structures and the formula for super
Airy structures without an extra variable have the same form except the sign, we only need to
justify that is consistent with the signs that appear in . As one can see from
, the two sign factors oy, ce,00,ce only involve non-arrowed edges, orore precisely,

leaves. Counting permutations of indices is equivalent to counting the number of crossing

lines. Thus, (|10.28)) is indeed the correct operation, and this proves the proposition. O

Example 10.3.3. Indeed, we can compute Fj4(i,1%1,42,13) by looking at the corresponding

graphs as
.o l3 .o l3 e
/
E w(G) :i% iy g -y T @'%‘f\@ (10.31)
~ \ \
G€Go,4(i,11,12,i3) o N .
T (3t (3

112

:le‘z‘lAlizis + (_1)\2'1\\1'2\3?, Aiyis + (_1)(Iil|+|i2‘)|i3|B£i3Ali1i2

=Fo.4(%,141, 42, 13). (10.32)
Thus, the sign is correctly given by non-arrowed crossing edges.

10.3.2  Super Lagrangian Subspaces

We would like to define a classical analogue to super Airy structures as we did in Section[9.2.3
for Airy structures. We refer the readers to [122-124] and references therein for further details

on super Lagrangian subspaces.

Definition 10.3.4. A super symplectic space W = Wy @ W7 is a super vector space equipped

with a bilinear nondegenerate Z,-antisymmetric form w: W @ W — C.

Definition 10.3.5. Assume that dim Wy = 2d,, dim W; = 2d;. A Lagrangian super subspace
L = Lo® L, is a subspace of W such that dim Ly = dy, dim L; = d;, and the symplectic form

vanishes on L, w|, = 0.
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Remark 10.3.6. In [122] (Section B.5), the author discusses a definition of Lagrangian
subspaces when dim W is odd. This case may be related to super Airy structures with an

extra variable, this has not been made precise yet.

Let us consider a special class of symplectic super spaces such that there exist Z,-graded

coordinates ', y; with symplectic form given by:

w=Y_du' Ady;. (10.33)
i=1
In contrast to the standard symplectic spaces, such coordinates do not always exist; it depends
on the signature of the symplectic form w. See [122] for more details.
Now every step in Section follows with supersymmetry. Namely, by using the tensors
A, B,C in ([10.1)) we define a classical super Airy structures as quadratic polynomials of the

form .
Aijie ~ C!
L=y, — Tjkxjxk - ijxjyk — o Yilk (10.34)

and such that the Poisson bracket is closed. Then, a super Lagrangian subspace is defined
by the subspace of W given by the equations L; = 0. Quantization of this classical system

produces super Airy structures without an extra variable, as defined in Definition

10.4 Examples

In this section we present examples of super Airy structures. We do not however have at the
moment an enumerative geometric interpretations for their partition function. We postpone

the geometric interpretation for future work.

10.4.1  Super Frobenius Algebras

We define super Frobenius algebras following [125], where a definition of the more general

G-twisted Frobenius algebras is given. Here we concentrate on the Zy-graded case.

Definition 10.4.1. A super Frobenius algebra A, = Ag@A; over C is a finite-dimensional Z,-

graded vector space equipped with a super-commutative, associative product A, @ A, — Ay,
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respecting grading, and a non-degenerate bilinear form ¢ : A; ® A, = C where ¢ = 0 unless

gh=1and g,h € Zs.

It turns out that super Airy structures corresponding to super Frobenius algebras do not
involve an extra variable 2%, hence, we can simply forget 2° and consider a super vector space

V of dimension d. We define A;;;, B C’* D; as in Lemma , but simply with Z,-grading

130 1

properties.

Lemma 10.4.2. Let (e;) be a basis of a super-Frobenius algebra A, and (¢’) be the dual
basis such that

Bleise?) = (1) 1g(e, ) = 3. (10.35)

Then for any 04,0p,0c € Ay,
Ajji = d(0aeiejer), ij = ¢(Opeie;e), ng = ¢(Opeieler), (10.36)

and any arbitrary D; define a quantum super Airy structure on V = A, with vanishing

structure constants j;- =0.

Note that if we included the basis eg associated with the extra variable z° and if we still
applied (10.36|) to define tensors A, B, C, then this would imply that it is possible to construct
another differential operator Ly with dy in the linear term by nonzero Ay, BLS, CJ¥. In

this case, the number of differential operators with Ly matches to the dimension of a super

vector space, hence, this is effectively the same as ignoring the extra variable 2°. Now we

prove Lemma [10.4.2]

Proof. Note that (10.35]) implies that every a € A, can be written by a = ¢(a,e’)e;. This

gives

Bl Ajp =0(0peiene’)p(0aejeper) = d(Oae;p(0peiere?)eye)
=¢(0ae;0peere;) = p(0a0pejeexe). (10.37)
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Thus, we have

Bl A + ()M B A+ (1) B A
= ¢(Oa0pe;eierer) + (—1)FUp(0,40pe,e,e60) + (1)1 4 (0405e¢ e

= 36(0a0pejeiene;) = (=) & j), (10.38)

and hence the BA relation is satisfied.

Similarly, we find

B B! = ¢(0gejeiene), (10.39)
ClpA ik = ¢(9A0(;ejeze ek), (10.40)
C’prl = d(0p0cejecte), (10.41)
BLCY = ¢(0p0ceieje’e). (10.42)

These ensure that each term in the remaining conditions is Zy-symmetrical under ¢ <» 5. [

There a general statement [116] that every G-equivariant topological field theory in two
dimensions defines a G-twisted Frobenius algebra from which it can be recovered. Super
Frobenius algebras correspond to the case with G = Z,. Thus, there should be an equivalence,
as in Proposition [9.4.3] such that correlation functions of Zs-graded topological quantum
field theories are given by the F, (i1, - ,i,) computed by super Airy structure defined in

Lemma [10.4.2] This correspondence should be made precise and investigated further.

10.4.2 Vertex Operator Super Algebras

We now introduce vertex operator super algebras. The content in this section is a generaliza-
tion of those in Section [9.4.2] Vertex operator super algebras are defined to axiomize super
chiral conformal field theories in two dimensions. The formal definition is almost the same

as Definition [9.4.4] up to the following modifications:

e The vector space V is not Z-graded, but %Z—graded, and elements in V;, /2 have the
odd parity.
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e The operator product expansion condition respects the sign of the parity of u, v

(z —y)VY (u,2)Y (v,y) = (=)l — )Ny (v, )Y (u,y). (10.43)

e There exists an element 7 € V3/5 such that

Y(r,o)= > Gua ' (10.44)

rezZ+1/2
such that G, L, generate a super Virasoro algebra in the Neveu-Schwarz (NS) sector:
em(m? — 1)
12 ’
n
L, Gy] = (5 - 7’) Goir, (10.45)

[Lm7 Ln] = (m — n)Lm+n + (5m+n70

c 1
{GT’ GS} = 2LT+5 + 5r+s,0§ <T2 a Zl) .

If a vertex operator algebra (V,Y,w, 1) possesses these additional structures, we call it a
vertex operator super algebra. Note that if such 7 exists, w is a secondary object constructed
as 2w = Gyo7. Thus, a vertex operator super algebra is sometimes denoted as (V,Y,7,1)
without w.

Note that the definition above is, more precisely, for a N = 1 vertex operator super
algebra. If we include two independent 7(1?) we can define a N = 2 vertex operator super
algebra by requiring that Gg’Q),Ln generate a N = 2 super Virasoro algebra. Also, it is
worth noting that G,., L, generate a super Virasoro algebra in the NS sector in the definition,
whereas generators in the Ramond sector appear in the context of twisted modules.

To generalize the examples given in Section 9.4.2] we would like to consider modules of
vertex operator super algebra with a free boson and a free fermion fields. See [126] and
references therein for further details. There are a number of different ways that we can twist

fields:
1. untwisted boson and untwisted fermion,

2. untwisted boson and twisted fermion,
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3. twisted boson and untwisted fermion,
4. twisted boson and twisted fermion.

Also, super Airy structures may include an extra variable. In addition, there are two different
modules for a untwisted boson as in or , that is, whether we choose by to be zero
or not. The goal of this section is to construct super Airy structures for each case whose
associated partition function is nontrivial.

As we learnt in Section [9.4.2] the procedure to find super Airy structures is the following:
i Pick a (potentially twisted) module for a free boson and a free fermion,
ii Find a set of operators generating a closed super Virasoro subalgebra,

iii Apply a dilaton shift to bring the correct linear term to the operators with taking an

extra variable into consideration,

iv. Get rid of any wrong term such as the last term in (9.65)) if it is possible without the

changing the commutation relations,

v Add constant D terms to some operators if it is possible without changing commutation

relations.

An extra variable plays an important role to justify what the correct linear term is. We will

present below all examples that we can construct by this procedure.

Twisted Boson and Untwisted Fermion

Let us start with a twisted boson and untwisted fermion. Without getting into the details,

one can think of their module as being a representation of the form:

o= > b [by,bs] =10, (10.46)
reZ+1/2
P = Z apx 2 {a, as} =06, s, (10.47)

reZ+1/2
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I e — o/ 9 b g _ 0 1
b—r— \/—2_h.%‘ 2, bT—T 271%, Oé_r—ﬁg s OéT—\/i_iw, TEZZO+§7
(10.48)

where x% (i > 1) are even variables whereas £* (k > 0) are odd variables. In this case, super

Virasoro operators {L,, G,,} are given by

L, = % Z tbp_kbr —|—% Z (7” + g) CO Qg +5n,0%7 Gn = Z bn*TOé“

keZ+3 reZ+i reZ+i
(10.49)

and they generate a super Virasoro algebra in the Ramond sector with central charge ¢ = 3/2.
Since {L,,G,,} are in the Ramond sector, the largest closed subalgebra is generated by
{Ln>0, Gm>0}. In particular, L_; is not included. Let us consider the largest algebra. If we

apply a dilaton shift by by s to {Ln>0, Gm>o}, we get

, 0 o\ . 0
R ) ) o n

Hence the correct linear terms are given. In this case, we need to treat central charge carefully.
{Ly>0, Gm>0}. Namely, the following anticommutation relation does not accurately fit to a

Lie superalgebra requirement due to nonzero central charge:

{Go,Go} =2 (LO - %6) . (10.52)

As Ly does not appear anywhere else on the right hand side of , we can redefine L
by Ly — Lo — 1/16 so that a new set {L,>0, Gm>0} generates a Lie superalgebra. However,
this precisely cancels the last term of Ly in (10.49)). Furthermore, we cannot add a constant
D term to any of L, > because they all appear on the right hand side of . Therefore,

the largest super Virasoro subalgebra in this module cannot define a super Airy structure.

Now the importance of an extra variable become apparent. Since we can regard &°
as an extra variable for a super Airy structure, a super Virasoro subalgebra generated by
{Ly>0, Gm>1} can define a super Airy structure. In particular, these operators do not involve

central charge, and furthermore, we can add a D term to Ly without changing its commuta-
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tion relation. Therefore, this super Airy structure gives a nontrivial partition function.

Indeed, this feature holds for smaller subalgebras. A dilaton shift by =/ /h for f > 1 gives

z! x! 0 dy
f f
G = hexp (—%) G XD (%) - cfhﬁ + hG, (10.54)

where ¢y, d; are some nonzero constants. Both {L,>¢, G>¢} and {L,>¢, G>p41} have the
correct linear term where the latter takes £ as an extra variable. However, since {G, G} =
2Ly, the last term in ([10.75]) cannot be removed without changing the commutation relation.
In contrast, for {L,>f, Gym>f+1}, Ly, - -+, Loy do not appear on the right hand side of ,
hence we can add D terms to these f + 1 operators. As a consequence, they define a super

Airy structure whose associated partition function is nontrivial.

Twisted Boson and Twisted Fermion

There are precisely two nontrivial examples in this case. A twisted module for a free boson

and a twisted module for a free fermion are respectively given by

d= Y ba ' [b,b] =16, (10.55)

reZ+1/2
)= Z Y2 Lo, Y = - (10.56)

neL
1 . 0 1
by = ——a"t3, b =rV2h——, Zso + = 10.
vor T\/_é?:v”% r€ s+ (10.57)
1 (o .0 1 9

— h— cn=—=" ap=Vh=——, n€ Ly, 10.58
=g (O hag) o m g e Vigg meBa (05
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In this case, their Virasoro operators L,, G, are given by

1 1 n 5n0
L,=- 2 b, D= ( —): Qg - +——, 10.
22 b b +22 Pt g ) et g (10.59)
k;eZ.F% r€Z
Gr= Y by, (10.60)
qEZ-i—%

Note that L,,G, generate a super Virasoro algebra in the NS sector with central charge
¢ = 3/2, and the largest subalgebra is generated by L,>_1,G,>_1 s2- Lo has a nonzero D-

term and L_;, G_; /3 have nonzero A;j, terms where L_; and G_;/, are given by

1
b cajagt e (10.61)

b_1b_1
2 2

1
—b_1b
2

N|=

-1

I
S
ol

L
G_

S
_l’_

(10.62)

[ SIS

As in Proposition [9.4.7 we conjugate to bring the operators in the right form for a super

Airy structure

. 2h 0 0 0 2h
Vi€ Zvg, L= — exp (—w> L;_exp (—) h + L; 5, (10.63)

% — 1 or2) "oz 2i—1
1 . 0 0 0
Vq S ZZO + 5, Gq = hexp (—@> Gq_l exXp (ax2> = haffﬁ'% + th_l, (1064)

where £° is taken as an extra variable which does not contribute to the linear term. Note
that we shifted the indices such that fzi21, qul /2 generate the closed subalgebra. Therefore,

Li>1,Gg>1/2 define a super Airy structure with nonzero A and D terms. As a consequence,

the associated partition function is nontrivial.

As for its geometric interpretation, the pure bosonic parts of Fj ,, compute the Kontsevich-
Witten intersection numbers on moduli spaces of stable curves, as shown in Proposition [9.4.
For g > 1, even pure bosonic parts of Fy, would have fermionic contributions, hence, they
should differ from the Kontsevich-Witten intersection numbers. What are they computing?

This remains to be a mystery, and needs to be investigated further.

Similar to Remark [9.4.8 if we apply a dilaton shift by 0; instead, and if we consider

a smaller subalgebra generated by {Lyn>0,Gr>1/2}, they define an Airy structure where a
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nonzero D term is in Ly. Thus, the associated partition function is nontrivial. Note that &°
plays the role of an extra variable in this case too. For this case, we do not know a geometric
interpretation either.

More generally, a dilaton shift by =/ /A for f > 1 brings the correct linear terms to the
operators {L,>, G,>py1/2} while treating { as an extra variable. Then adding constant

terms to Ly, - - -, Loy, they define a super Airy structure with f + 1 nonzero D terms.

Untwisted Boson and Twisted Fermion

We represent the modes for a free boson and free fermion b,,, a,. as

nx" ) 0
L™ = — bp =Vh—, by=Vh— by = 10.
n € Zsg N \/_(“):v" 0 \/_(%O or by =0 (10.65)
1 0 1 0
oy =—=E" an=Vh—, ay=—— "+ h—) . 10.66
Accordingly, the super Virasoro operators L,, G, become
Lo==%" b b-+lz<+ﬁ>' 425 (10.67)
n — 9 - Un—kVE - 9 r 2 OOy 16 n,0y .
kEZ TEZL
G =Y by, (10.68)
kezZ

where they generate a super Virasoro algebra in the Ramond sector. For by # 0, a dilaton

shift by =/ /h for f > 0 takes L, G,, to

, zf xf 0 1
L! = hexp (—%> L, exp <%> = hax"*f + hL, + §5n,2f, (10.69)
! f
Gl = hexp (—%) G, exp <%> = \/ﬁam_f + hG,,. (10.70)

This implies that we need to consider £ as an extra variable, and a super Airy structure can
be defined by a super Virasoro algebra {L,> ¢, Gp>s+1}, where the first f + 1 operators L,
have nonzero D terms.

Similarly for the case with by = 0, a super Airy structure can be defined by a set of

operators {Ls i1, Gmspi1} with a dilaton shift by =/ /h for f/ > 1 and with inserting
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constant terms. £° plays the role of an extra variable. Note, in contrast, that the first f’ + 1

operators L, have nonzero D terms due to {G 41, Gpi1} = 2Lop 1.

Remark 10.4.3. We showed in Section that a subalgebra L, >¢ with a dilaton shift by
by also supports an Airy structure with a nonzero D term in Ly. However, its supersymmetric

analogue becomes trivial due to the anticommutator {Go, Go} = 2L — 1/8.

Untwisted Boson and Untwisted Fermion

All examples with nontrivial partition function include an extra variable in their super Airy
structures. We now study examples without extra variables. A module for an untwisted

boson and fermion is given by

0

N|=

n €%~g : b,=nh "= h_%nm”, by = \/ﬁ% or bg=0 (10.71)

0

Ty
1 10 _1
r€lso+ = : a,=h? a_, =h2¢", (10.72)

2 e’

and the super Virasoro operators L,, G, are

1 1 n
Ln = 5 Z : bnfkbk : —|—§ Z (T + 5) POy Olypyp o, (1073)
keZ reZ+i
Gr = bron_y. (10.74)
kEZ

where they generate a super Virasoro constraint in the NS sector. The largest subalgebra for
bo # 0 are generated by L,,>_1, G,>_1/2 whose representations are the same as (8.7) and ({.8)
for supereigenvalue models in the NS sector, except for the T, term. However, this super

Airy structure is rather boring since there is neither an A term nor a D termP]

We repeat the same procedure as before. For by # 0, a dilaton shift by =/ /h for f > 0

2The partition function for supereigenvalue models does not fit to the requirement for the partition function
for super Airy structures because the former has nonzero Fy ; and Fp . Hence, investigating supereigenvalue
models itself is not boring.



182 10.4. Examples

transform L, G, to

, x! x! 0 1

L) = hexp (_E> L, exp <E) = hax”*f + hL, + 5(5”,2]«, (10.75)
, x! x/ 0

G = hexp (—%> G, exp (E) = h@{’”*f + hG,p,. (10.76)

A subalgebra generated by {L,>f,Gy>f41/2} defines a super Airy structure with nontriv-
ial partition function after adding constant terms into the first f 4+ 1 terms. Even if we
treat £Y/? as an extra variable and consider a super Airy structure constructed by a set
{Ln>, Gy>p43/2}, this gives exactly the same partition function.

If we choose by = 0, we can consider {Ly> 11, Gr>prq1/2} and {Ly> 11, Gy 4172} where
we apply a dilaton shift by x/'/h for f/ > 1. The latter subalgebra treats £/? as an extra
variable and it can have f’+ 2 nonzero D terms in the operators L.y, -+, Lopi o whereas
we cannot add D terms to Logy1, Logyo for the former case due to {, Gr>p41/2s Ger’+1/2} =
2L9741. Also the same reason as Remark holds so that the case with a dilaton shift
by b1, which works as an Airy structure, becomes trivial.

We have presented many examples of super Airy structures generating super Virasoro
subalgebras. Since super Virasoro subalgebras are a crucial factor of super conformal field
theory in two dimensions, it is interesting to see whether there is any geometric interpretation
of these examples. The most encouraging example out of what we have shown above is the
super Airy structure defined by and from a twisted boson and a twisted
fermion. Can we construct a supersymmetric analogue of Proposition We leave this

challenge to future work.
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11 Conclusion and Future Work

In the first part of this thesis (Chapter , we focused on quantum information theory and
black hole physics.

We have researched geometric properties of some special quantum states in Chapter |3| by
using entanglement of formation and metrics on the spaces of quantum states. The examples
with one variable somehow indicate that the points on the Bloch sphere should be relatively
close each other in order to have a separable pair of qubits. The above problems we analyzed
might be toy examples, yet show interesting characteristics of geometry of quantum states.
This section leads to a better understanding of pure, mixed, separable and entangled states.
We are hoping to publish this work with Page soon.

Then in Chapter [5, we developed a unitary qubit model without firewalls. It utilizes
nonlocal degrees of freedom for the gravitational field, yet we believe it is a realistic proposal,
because nonlocality is confined into the gravity sector, hence it is a minimal departure from
the current understanding of quantum field theory to resolve the firewall paradox. In addition,
our model avoids a counterargument raised by [13] that uses a mining process. At the same
time, it is a toy model, hence we would like to consider a more realistic interaction between
the radiation modes and the gravitational field than the simple interaction addressed in (5.7)).

As an extension of our qubit model, what would be interesting is to compute nonlocality in
a more quantitative method. Donnelly, Kinsella, and Giddings have shown in [128}/129] that
two gravitationally dressed scalar fields do not commute even if they are separated far apart.
They give an analogous result for electromagnetically dressed fields as a comparison, and
their commutator in this setting indeed decreases as a function of the distance as expected.
It would be worth investigating whether this nonlocal behaviour of dressed fields have some
connections to our nonlocal qubit model. Also, their focus was on the flat and Anti-de Sitter
background, but the research for the de Sitter background has not been done because of
computational difficulties. Yet, it would be interesting to see if a similar story holds in the
de Sitter background.

Based on these papers and other prominent ones, Giddings proposed the idea of quantum
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first gravity [130,/131], which roughly states that the structure of spacetimes is reproduced by
quantum mechanics, more precisely the structure of Hilbert space. The idea of understanding
local quantum field theory from a Hilbert space perspective is not new. For example, locality
of spacetime is encoded in the fact that two operators commute. Then, a question is: what
kind of mathematical structure do we need to impose on Hilbert spaces in order to describe
gravity such that it matches our current understanding of local quantum field theory in a
weak gravity regime? The fact that two dressed scalars far apart from each other do not
commute suggests that we do not even know how to define subspaces and locality. More

research need to be done.

The second part of this thesis (Chapter explored generalizations of important struc-
tures in mathematical physics to the supersymmetric realm. After reviewing Hermitian ma-
trix models and the Eynard-Orantin topological recursion, we investigated supereigenvalue
models, which are supersymmetric generalizations of Hermitian matrix models, and presented
a recursive formalism that computes all correlation functions in supereigenvalue models from
simple initial data. More precisely, we showed that the Eynard-Orantin topological recursion,
in conjunction with simple Grassmann-valued auxiliary equations, are sufficient to compute

all correlation functions of supereigenvalue models recursively.

We are currently developing the theory of supereigenvalue models in the Ramond sector.
In contrast to those in the NS sector, we can show that the Eynard-Orantin topological
recursion is not sufficient any more to recursively compute correlation functions. Hence, it
needs to be generalized. The key difference is that does not hold for supereigenvalue
models in the Ramond sector. Thus, we need to analyze the corresponding super loop

equations more carefully to develop a new recursive formalism.

Then, we introduced Airy structures [20,21] as a new mathematical framework behind
topological recursion, and we proposed a supersymmetric generalization, which we called su-
per Airy structures. We discussed the possibility of including an extra Grassmann variable,
and proved existence and uniqueness of the partition function for all super Airy structures.
We then gave various examples of super Airy structures building up on analogous construc-
tions for Airy structures. At the same time, we do not know what the partition functions

of these super Airy structures compute, but we expect them to generalize interesting enu-
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merative invariants. For instance, they could be related to Gromov-Witten invariants with
odd cohomology classes, as studied for instance by Okounkov and Pandharipande in [127]. It
would be very interesting if we could connect our super Airy structures with their construc-
tion.

To conclude this thesis, let us mention an exciting future area of reseasrch. Recently,
new relations between black hole physics and matrix models are proposed in [132,/133]. It
was shown [134-136] that the Schwarzian theory [137] emerged from the Sachdev-Ye-Kitaev
model [138,139] is dual to the Jackiw-Teitelboim gravity [140-142], which is a two-dimensional
dilaton gravity theory. Then, [143] argues that the matrix model relating to the Mirzakhani
recursion [92H94] also contains the Schwarzian theory. This discovery may connects matrix
models, chaotic theory, black hole physics, and enumerative geometry all together. How

exciting!
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A A Taub-NUT Metric

In this section, I present my first paper with Page [3], in which we investigated a biaxial
Bianchi IX model with positive cosmological constant. Even though our original motivation
was about the asymptotic behaviour of Bianchi IX models, we found a geometrically inter-
esting and elegant way to derive the exact solution for biaxial models where the solution
itself was well-known. We review such a derivation below. Note that in this section we set
¢ = G = 1 unlike the body of this thesis since there is not i for this work. Most of the

discussions in this section are take from [3].

A.1 Bianchi IX Models

Bianchi IX spacetimes are spatially compact homogeneous anisotropic cosmological models,
which can be thought of generalizations of the well-known Friedmann-Lemaitre-Robertson-

Walker geometry. The metric for triaxial models is written as
ds® = —dt* + a*(t)w] + b*(t)wi + (w3, (A.1)
where (¢, a, b, ¢) have dimension of time or length, and {w;,} is a set of S*-invariant one-forms,

w1 = cos 1 df + sin sin 6 do,
Wy = sin1p df — cos Y sin 6 do, (A.2)
wsg = dip + cos 0 do,

obeying
dw; = we A\ w3 et cyc., (A.3)

where 0 < 0 < 7, 0 < ¢ < 2w, 0 < ¥ < 4n. The three principal circumferences of the
distorted S® are then (4ma, 47b, 4mc).
On the other hand, the A-Taub-NUT spacetimes were originally introduced by [144] as

spacetimes whose spatial topology is a biaxial S® and which satisfy the Einstein equations
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with positive cosmological constant,

R, = Agu. (A.4)

The form of the solution depends on the choice of time coordinate; for example it is given

by [145,146] with an arbitrary constant Cy and arbitrary positive constant Dy as

3D ar?>  f(r 2 +1
ds® = AO <_f(r) + El ) w3 + 0 (wi +w§)) , (A.5)
4 9.2 _
f(T) _ DOT + 2(3DO 2)7— + OQT + 4 3D0 ' <A6>

14 72
Thus, the A-Taub-NUT spacetime is none other than a biaxial Bianchi IX spacetime with
positive cosmological constant, and one can take to the form by an appropriate
transformation of the time coordinate 7. In [3|, we present a new derivation of by

considering the minisuperspace defined below.

A.1.1 Minisuperspace

A minisuperspace is an equivalent description of a Bianchi IX spacetime, but from a different
point of view. Note that a minisuperspace has nothing to do with superspace in the context
of supersymmetry. In short, a particle trajectory in a minisuperspace corresponds to an
evolution of a(t),b(t), c(t) in a Bianchi IX spacetime. We will define a minisuperspace more

precisely below.

The orthonormal components of the Ricci tensor of a Bianchi IX spacetime are given

by [147] as

a b ¢
RO=Z4+ 4= A7
g afb 8\, -y
By = a + a (b + C) + 2a2b2c? ’ (A-8)

Here an overdot is a derivative with respect to the proper time ¢ as in the metric (A.1)). R32
and RS are just permutations of R}, and off-diagonal elements of the Ricci tensor are zero.

Let us write the dimensional variables (¢, a,b,c) in terms of dimensionless Misner variables
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(C?a?BGJ/Bb?/BC?/B?P)/) l148] as

_ é _ é a+Ba _ \/E a5y _ \/E oS
t—\/IC, a—\/;e , b= G » =41 , (A.9)

/Ba = /8 + \/577 /817 = /6 - \/5/% ﬁc = _267 (A10>

where « tells how spatially large the model is, since the S3-volume is 1672(3/A)2e3, while

S and v describe how distorted S? is.

The scalar curvature of the distorted S® at one time is

(a+b+c)(—a+b+c)la—b+c)(a+b—c)
2a2b?c?

G R = : (A.11)

Multiplying the S scalar curvature by a quantity proportional to the two-thirds power of

the S3 volume gives the dimensionless quantity

1 1 1
V= clabe) R = o OR = (46_26 cosh 2v/3y — de¥ sinh? 2v/3y — 6_85) At
Now letting an overdot denotes a derivative with respect to the dimensionless time coordinate

¢, the Einstein equations ({A.4)) give three dimensionless 2nd-order equations

& =3—3a*—2Ve 2, (A.13)

. .10V

= —3aB + 5%6*20, (A.14)
1oV

’:}'/ = —30&’}/ + 58—76_2(1, (A15)

and one dimensionless 1st-order constraint equation, which comes from the trace of (A.4)),
W2 —B2—At=1-Ve 2 (A.16)

Note that by combining (A.16)), its time derivative, and any two of (A.13])-(A.15)), one can
derive the remaining 2nd-order equation, so only the Ist-order constraint (A.16]) and any two

of the three 2nd-order equations are independent.
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Note also that if we choose 7 = 4 = 0 as an initial condition, then 0V/9y = 0 and 4 = 0,

so v remains zero for all time, which is just a biaxial model.

One notices that (A.13))-(A.16)) are reproduced by the following action:

S = % /dT (N*lei”a(—a2 + B2 +4%) — N (e* - e“V)) 7 (A17)

where now the dot denotes the derivative with respect to 7, which is not the same 7 as in

(A.5)), and N is a Lagrange multiplier. The relation between ¢ and 7 is

d 1d
If we define
n=N (e —Ve"), (A.19)
then (A.17)) becomes
_ 1 dr (01 (59 — Veta) (—a2 4 B2 4 42) — A
S = 5 | 4 (n (e Ve') (=a?+ B2 +4°) — ). (A.20)

This is a relativistic point-particle action in three dimensions (a, 3,7) with mass m = 1 and

the minisuperspace metric
ds* = (e = Ve'®) (—da® + dB° + dy?). (A.21)

This three-dimensional (or two-dimensional for the biaxial case) curved space obtained from
the four-dimensional Bianchi IX space is an example of a metric on minisuperspace whose
geodesics give solutions of Einstein equations [149]. Therefore, time evolution of a Bianchi IX

space with A is equivalent to particle motion along a geodesic curve in this minisuperspace.

A more rigorous way to obtain (A.20)) is shown for example in [150].

A.2 Geometry of Minisuperspace Associated With a Biaxial Bianchi IX

A number of Killing tensors in a geometry is a crucial measure whether geodesics in the

geometry are integrable. Thus, we investigate geometrical properties of the two-dimensional
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minisuperspace associated with the biaxial Bianchi IX model with v = 0, so a = b =

(3/M)1/2e2+8 and ¢ = (3/A)1/2e*728. Let us first define null coordinates (u,v) as

1 2 1
u:a—ﬁ+§log3—§log2, v:a+ﬁ—|—§log3. (A.22)

Then the minisuperspace metric and the Ricci scalar are respectively

4
d82 _ _2_7 U(u, U) dudv, U(u,v) — 63u+3v - 63u+v 4 e6u72v7 (A23)

R = 81U %™ (3e™" — 5e"). (A.24)

A.2.1 Nontrivial Killing Tensors

A key discovery shown in [3] is that the minisuperspace does not admit any Killing vector,
but it does admit two nontrivial Killing tensors, one rank-2 and the other rank-4. We leave

the detailed computations to 3], and instead summarize the result below.

The components of the nontrivial rank-2 Killing tensor are respectively
Kup=0 Ky,=2e%"U% K, =3e>U. (A.25)

Note that these K, are clearly different from the metric, hence it is a nontrivial rank-2
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Killing tensor. The components of the nontrivial rank-4 Killing tensor are

Kyuun =0, (A.26)
Koyyuo =81G3e 2 U? (A.27)

Kuuvv - (GO + 3G1 6_41) + 2G2 6_21]
+ Gy (2¢° — 12 + 18 €™ + 54e™ % — 72¢™7) > U2, (A.28)
Koo = (SGI 6—6u—2v + Go 6_6u

+ G5 (1871 + 277 — 6 e—3u+3v)> U?, (A.29)

Koo =(2G1 712" + 12G5 e ) U, (A.30)
with constants GG. One can indeed check these tensors satisfy Killing equations,
VK =0, VK pps =0. (A.31)

Note that if Gy alone is nonzero, the Killing tensor is proportional to the symmetric
product of two metrics; if GG; alone is nonzero, the Killing tensor is proportional to the
symmetric product of K, from with itself; if G5 alone is nonzero, the Killing tensor
is proportional to the symmetric product of g,, and K,,; but if Gz # 0, one gets a new

nontrivial rank-4 Killing tensor. In [3] we set Gy = G; = G5 = 0, G3 = 16 for computational

simplicity.

A.3 Exact Solution

Geodesics in a d-dimensional spacetime are integrable if there are d independent conserved
quantities. At the same time, there always exists a conserved quantity in two dimensions,
namely the one associated with the metric g,, However in this case, the minisuperspace

admits two additional conserved quantities associated with (3) K,,, and (4) K hence

vp1p2p39

geodesics are integrable. They play a crucial role to analytically determine the exact form of
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the solution (A.5)).

As shown above, the two nontrivial invariants of motion are

dx* dx¥
E =K,,—
! Wodr dr
du dv dv\?
. —2v —6u 772
=6e U_dT e + 27U (_dT) , (A.32)

dz* dx¥ dxP dx®
By =K, —
2 HoPe dr dr dr dr

3 4
:26 . 34 6—2’0 U3 <d_u) @ + 26 . 36_6u U4 (@)

dr ) dr dr
du\? [ dv\>
+20.3(e% — 6™ +9e” + 275 — 361 U [ — ) [ —
dr dr
6 —3utv —2v —3u+3v 3 du (dv ’
+2 -3(66 +9e 7" —2e )U -\ ) (A.33)

where we are setting the Lagrange multiplier n = 1 so that 7 becomes the proper time along

timelike geodesics in the minisuperspace metric, giving

4 dudv B

— ——U=1. A.34
27d7’d7‘U (A.34)

This 7 is not to be confused with the A-Taub-NUT time coordinate in the metric (A.5)). By
using (A.34]), we can simplify the expressions of F; and Es to

81 dv\ 2
E _ o —2v 9 —6u 772 - A
1 5 e +2Ze U <d7’) y ( 35)

dv\ 2
B, =318 2 (4
2 =3¢ (dT)

+4.37 (66” — 6 +9e? 4 27l 3663“+”)

d 2
+ 24 . 34 (6 e—Su—i—v + 96—21) —9 e—3u+3v) U2 (_U)
dr
dv

4
426370t (E) . (A.36)
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The right-hand side of (A.35)) shows that F; > 0. The original constraint (A.16]) in null
coordinates is

du dv
— ,—(3u+3v)
€ ac e U. (A.37)

Thus by comparing this with (A.34]), the relation between d( and dr is

d  2Ue 20t g

©=sA (A.38)

However one can see from the form of (|A.35) that it becomes simplified if a new time coor-

dinate T is chosen as

d 2 _su40 d 1 _s,7,d 3 g d
— = e — = — e 2" — =2V Aa(t) c(t) —. A.39
ar — 9°¢ Var = A° dc VAa(t) e()™ (4.39)
Then (A.35)) can be rewritten as
81, 81, (dv)®
Fr=5 2° Qﬁ)
81 ,, 81 (/d _,\°
——e gy To [ A4
Ze Tt S (dTe ) , (A.40)
or ,
1/d _, 2
=) = =B e A4l
4(dT€ ) §11 "¢ (A41)
One can obtain the solution as
V2FE
e =0 (T-T)* <C: 91), (A.42)
where the range of T is
Ty—C<T<Ty+C. (A.43)

Note that Ty is just a shift of time, so we choose Ty = 0, and the inequalities above become
equalities at past and future infinity for the proper time ¢ of the biaxial Bianchi IX spacetime

metric.

The constraint equation ([A.34]) then gives the solution for u. In terms of the 7" coordinate,
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it becomes
du dv 1 d d
3 3u —7v__E__ Sv [ 7 3u 20
dTdT ~ 2 (dTe dT"*
=1 —e 42, (A.44)
By using (A.42)), one gets
d s0) 63u + 651} o 631} (A 45)
art )~ T ’ '
which has the solution
63“—BT—|—(602_8)T4+<1202_904)T2+306_3C4 (A.46)
306 (C2 — T?): ’
where B is another constant which is related to Ey by
9 B2C'% + 36 C* — 96 C? + 64
* iy (A.47)

_ 7
Ey=4-3"- i

Since v and v are given as explicit functions of 7" by (A.42) and (A.46]), the biaxial Bianchi

IX metric (A.1)) can be written explicitly in terms of 7" and the two parameters as

1 1 4
3 (—— e™ TP dT? 3 e*” (d6? + sin® 0 dp*) + 3 e* " (dip + cos 0 d¢)2>

2—_
ds =31\ 73
-1
3 Lo _qorg (g, STICP-9T?CH43C0 - 8T +127°C° —3CH)
Al 3 306 (C2 — T2)2

]' 2 2 2

+3(02_T2)(d9 + sin” 0 d¢*)
4,92 24 6 4 22 4

6T4C2 — 9T2C* +3C% —8T* + 12T2C 3C>(d¢+c0s6d¢)2].

—i—Z—L\/CQ—T2 BT + 3
3 306 (C2 —T?)2

(A.48)

One can check that (A.5) and (A.48) coincide with each other by identifying their time
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coordinates and parameters as follows:

Do, , 1, 1
-9 N=—e e — A4
4 4

A.3.1 Ezxact Solutions for Triaxial Bianchi IX Models?

We have given a new derivation of the Taub-NUT metric with positive cosmological constant
by considering the associated minisuperspace in this section. More specifically, we have found
that the minisuperspace admits two nontrivial Killing tensors and used them to derive the
metric. This method might be useful to obtain the exact solution for triaxial Bianchi IX
models as well. If one can find another nontrivial Killing tensors in the minisuperspace of
triaxial Bianchi IX models besides the metric and the time-reparametrization, presumably
either rank-2 or rank-4 as extensions of those shown in this paper, the system becomes

integrable and it would be possible to derive the exact solution.
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B Derivation of (8.13

Here we give a proof of (8.13)), which is the statement that the free energy for supereigenvalue
models is at most quadratic in the Grassmann parameters. We include a proof of this fact

here for completeness; it follows along similar lines as the original proof in [102].

Setting ¢, = 2t, the partition function ({8.3) of supereigenvalue models can be written as

ON 2N 2N
z fommal /H d\ [T do: T — 2 — 0:8;) e SV OD+HEO)0) (B.1)
=1 =1 1<j

We will drop the “formal” superscript in this appendix for clarity.

We now would like to integrate over the 2N Grassmann variables #;. Recall that Grass-

mann integrals obey

2N
Jao=0. [T d6u0 buom) = sent). (B.2)
=1

where 0 € Son. The first equation ensures that terms with an odd number of &, 1 vanish,

hence the partition function is expanded as

N
Zz=> 2z, (B.3)

=0
where the superscript denotes the order of the Grassmann couplings &, 1. Note that the
possible highest order of &, +1 is 2N no matter what the degree of the Grassmann potential
U(x) is. This is because there are only 2N Grassmann variables 6; to be integrated. More

precisely, we have
N\2K 2N 2N .
@er) _ (L . e T 2BV
200 () [T

i<j

o | ﬁd@in(ﬂr)ji_ej/\i) (ijwl)el)M . (B4)

1<j
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We can now evaluate the integral over the Grassmann variables 6;. It is not too difficult to

see that

2K /Hamm( )\_)\><Z\D>\, )

1 N .
" 2K)12N-E(N — K)! > sen(o H‘I’ @) 11 . (B5)

oESoN =1 j=K+1 )\U(Qj) - )\U(ijl)

2K

Next, the Vandermonde determinant in (B.4) can be expressed as

[0 20 = ()% 3 sentr HW (B6)
1<j TES2N

By plugging this and (B.5)) into (B.4)), we get

o (MY )Y
z ):(7) (2K)!2N—K)(N—K)! 2 sen(o)sen(r)

T,0€SoN

2N - 2N 2K N 1
N _
8 / [[dre w22V TN [Teew) IT 5 . (B.7)
=1 =1 =1

imier1 Ao(2) T Ao(2j-1)

Since every \; is integrated, for each permutation o € S,,, we can rename A, — A;. As a

result, each term in the summation over o € Sy, gives the same integral, and we get

e (N (DY EN)!
2zl )_<7) )N K (N K)‘ Z sgn(T)

TESQN
i=1 j:K+1 Lt
NV ()Y <2N> - Ny -t
“\t) QE)RNEN-K) > sen(n) [ [ dre TV INT o)
TESQN =1
v ( )+V (Az5)) /\2(2j) /\;('le_l)_l
o= S (VA2j-1)+V (o j j—
X H /dAQJ 1dAg5e 2-1)+V (% SIS (B.9)

j=K+1

We now introduce a 2N x 2N anti-symmetric matrix A and a Grassmann-valued 2N vector
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¢ with components:

i—1 1
Ay / dXdpe~ TV RS E , (B.10)
A=p
N TV yi-1
G== [ AtV T(N). (B.11)

We can then rewrite Z%) neatly as:

(2K) _ (—=1)N(
z (2K)12N- KN Kl sgn(r HCT(Z H Az 25)r(2j-1) (B.12)

TESoN j=K+1

Next, recall that the Pfaffian of a 2N x 2N anti-symmetric matrix A is defined by

N
(-1~
pf(A) = ON N1 Z Sgn(O’)HAU(Qi)J(Qi_l). (Bl?))
o€SoN =1
Thus, for K = 0, we get directly that
2O = (2N)! pf(A). (B.14)

To study the K > 0 case, we need to say a little more about Gaussian Grassmann
integrals. Let M be an 2N x 2N anti-symmetric matrix, and € be a Grassmann-valued 2N

vector. Then the Gaussian Grassmann integral can be evaluated as:

/Hd@ie%ﬂm = (=1)Npf(M). (B.15)

This follows by expanding the exponential and integrating directly over the Grassmann vari-

ables.

Moreover, just as for Gaussian integrals, we can also calculate shifted Gaussian Grassmann
integrals. Let M be an 2N x 2NN anti-symmetric matrix, 6 be a Grassmann-valued 2N vector,

and n by a Grassmann-valued 2N vector. Then

2N
/ [T dose=0" 200" = (—1)Npf(M)ez M. (B.16)
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As usual, this can be obtained by completing the square inside the exponential.

With this under our belt, we can finally evaluate Z:

N
z=> 20
=0
N 1 2K N
_ N
_(_1) <2N)‘ Z (QK)'QN_K(N - K)' Z Sgn<7—) H CTU) . H AT(QJ)T(2J_1)
K=0 TESaN i=1 j=K+1
2N 2N 1 2N
i=1 ik 1
2N
(-1 (V) [ [ b
=1
=(2N)Ipf(A)ez¢ 47
=20)a¢T A7 (B.17)

In other words, the free energy F = log Z for formal supereigenvalue models takes the form
© , L4
F =logZ"% + 54’ AC, (B.18)

hence it is at most quadratic in the Grassmann coupling constants &, 1.
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C Proof of Proposition 8.1.5

First of all, let us do a power series expansion of F in the Grassmann coupling constants
St 1. First, we know that only terms with an even number of Grassmann coupling constants
will be non-vanishing in the expansion, since F is a bosonic quantity. We then introduce the

notation

F=>Y FbN (C.1)

k>0
where F(?%) denotes the term of order 2k in the Grassmann coupling constants. For instance,

F®@ is quadratic in the §k+%.

The condition G, | 1 Z =0,n > —1, rewritten in terms of the free energy F, becomes

OF OF OF
T2 a§n+7 + Z (k’gkagn + f]ﬁ_l )

k>0 e+l 2 0Gksn+1
ts \ O*F OF OF
| o + =0. (C.2)
(2N> Jz:; (afj-y-;agn—j agj-;-% 8971—]’)

Identifying terms by terms in the expansion in the Grassmann coupling constants, we get

the system of equations

15

a]:(m) h 8f(21) g aJT_'(Zl—Z)
+ Ghr—— + &1 ——
85n+g =0 g 85n+k+% s OGk1n+1

t 2 n 82‘7;(2” af (2m) 8‘7;(21 2m)
+ | —= =0, (C.3)
(ZN) ]Z <85J+1agn J mZ a&jJr% agn*j )

for [ > 1.
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The other Virasoro constraints, L,,Z = 0, n > —1, becomes, in terms of F,

OF OF 1/t \*<& 02F OF OF
e S+ 16 5 s )
n =0

OGnt2 09;0Gn—;  09; Ogn—;

n+1 oF
+y (k: + 5 ) €k+%—a€n+k+%

k>0
1 ( ts >2”‘1 <n—1 ) O F OF OF

Order by order in the Grassmann coupling constants, we get

1 t, 2 n 92 F2l) HF(2m) g F(2l—2m)
_|_
89n+2 Z gk 8gk+n (21\7 ) jz (09]0% _j mz dg; O >

k>0
n+1 OF
+ 3 (kY ey —
+ht3

k>0
1/, 2n-1 _ ‘ 52 F(2l+2) ! O F(2m) §F(2+2-2m)
3 <2N> (n > _9> (a 9 2. 9 =0, (C9)
=0 §J+% 5”*1*% m=1 £j+% En— —i—3
for [ > 0.
Now we assume that
F=F0 + ‘/'_'(2)7 (C6>

which is the case for the free energy of formal supereigenvalue models. (C.3|) for | =

becomes
te \ = OF® OF®
S b ( ) 3 0 1)
=0 ag;ﬁ +1 2N iy afjur% OGn—j
For n = —1, this is simply
8]-" (2)
Z €l+ 3 7 (CS)
1>0
For n = 0, we use the fact that Z = e to see that
F® does not depend on ¢y. Thus we get
D¢ k+23gk - =0, (C.9)

k>0
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On the one hand, (C.8) means that

(1)
=S e (C.10)

>0

for some A™M which is linear in the Grassmann parameters & 11 On the other hand, (C.9)

says that

i)
FO =3¢ 0A (C.11)

2
k>0 gk 1

for some A™ that is also linear in the &, 41 Therefore

2

O°F
F@ _ Z &1 o (C.12)

0
k10 l gk+1

where F(O = [ (t, gr; To; N) is some unknown function of ¢, g, T and N, which is inde-

pendent of the Grassmann parameters ¢, 11

Let us now consider (C.5) for [ =1 and n = 0. We get

OF®@
+Z( )gH 5, =" (C.13)

k>0 k>0

where we used the fact that F®) is independent of go. Substituting (C.12), we get

OPF© PF© O2F©
0=2 &6 < —+Zm9m—+(k+l+1)—>

= 991095109 =" 09109k 4109 99199k-+1
0? F©
I e g | c
k>0 ? 09109k-1 m>0 Grm

We will need this equation soon.

Let us now consider (C.3)) for [ =1 and n = —1. We have

OF® OF© OF®
T, 5%, +Z<5,€+2 oo +kgka§k%> = 0. (C.15)

2 k>0
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Substituting (C.12), we get

F© 920 OF© 920 920
0= T: - T + + MG, —
2 Gy 2 ( 2091092 09109111 Oy, 2 mg 09m0g1  OGm-10g141

1>0 m>0
9 0 OF© Y20
- 2 T MGm - T + MGy ———
IZ;fH (89 ( : 892 mz;o ! 99m> Ogi+1 ( * ogi n;) I @gm_1>
0 .
— (FO) o )y ) C16

Let us now multiply by &, 1 on the left, apply ﬁil, and sum over k. We get

92 OF ) OF 0 o2 .
1 T m © L pOy] = 0.
Z St €l+2 (agk+lagl ( ’ 992 " ng G > " Fo ) ’

k150 >0 9Gk+109,
(C.17)
By (IC.14), the first term is zero. Therefore, we conclude that
0? 0?
=Y &1 =Y bl ——FO. (C.18)
k10 2 99e109: 89; k>0 ? 09k+1091

In other words, the free energy of the formal supereigenvalue model can be written as

82
F = <1 -> €1 ) FO. (C.19)
Py 209k+1091
Note that so far we only used the super-Virasoro constraints for n = —1 and n = 0.

What remains to be shown is that F(©) (2, gp; Ty; 2N) = 2F(t, g; T»; N), where the right-
hand-side is the free energy of the formal Hermitian matrix model. We go back to ((C.5|) for

[ = 0 and arbitrary n:

15

OF© OF©® 1 [ OPFO 8]—“(0) OF©
o3 (2) 5 )
agnJrQ angrn 2 ag] agn -7 agj 39717]'
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We substitute (C.18)):

oF© OFO 1 [t \ = [ OPFO  9FO gFO
Ty +Y kg + = ( ) > ( + )
agn—i—Q >0 agk+n 2 \2N =0 agjagn—j agj agn—j

1 ‘e n—1 &> F©) &> F©)
= 0v) S0 ) 6 )-o e
2 =\ 2 99n-j09;  09j+109n—j—1
Using the fact that %E_;Oo) is a constant, this simplifies to

OF© OF© (ts )2 - ( PFO  19FO af<0>)
T + k + = t3 = 0. C.22
Dy T 2O 2\ 300 2 09, 90 €22

ts
2N

Let us rewrite this equation in terms of F(t, gr; To; N) = %]—"(0)(275, gr; To;2N). We get

OF OF ) — O*F OF OF
T +3 kg +<—) 4+ = =0, C.23
Do T 29500 T\ ) 2\ G50 T 00 (C.23)

or equivalently in terms of Z = eF

07 07 t\ = 07
T k — — =0. C.24
) +) kg +(N) ;ag 4 (C.24)
Furthermore, by the definition of supereigenvalue models (8.3)), it is straightforward to obtain

0Z 107
- _ = .2

These two constraints are sufficient to determine that F (t, gx; T2; N) is the free energy of for-
mal Hermitian matrix models (see Definition|6.2.1). Thus, we conclude that F/(t, gj; T; N) =
F(t, gx; To; N), that is, the free energy of the formal supereigenvalue model takes the form

82
F (2, gk Sy 33 T 2N) = 2 (1 - Z fk+%fl+%aql—

5 ) F(t, gi; To; N). (C.26)
k1>0 Jk+1
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D Derivation of the Loop and Super-Loop Equa-

tions

In this appendix we present a derivation of the loop and super-loop equations from Virasoro
and super-Virasoro constraints. An alternative derivation of the super-loop equations in
terms of reparameterization of the matrix integral is discussed in [105]. Note that we choose

T, = 1 for simplicity in this section.

D.1 Loop Equation for Hermitian Matrix Models

The derivation of the loop equation starts with the following formal series

0 = ) #Ln_lz

n>0

= _anﬂ ((9gn 1 —l—Zka

>0 OGp-4n-1

-1
0
R . Z, D.1
N Za gn —j— 1> ( )

where the equality holds due to the Virasoro constraints. Let us first consider the third term

in (D.1). This term vanishes for n = 0, hence we can shift indices:

Zx"“]\ﬂzagj (“)gn i 1 - _Z:pm‘*‘QNQZ@g]@gm _j

e 3 1 9 0
a Z N2 k150 ahtlgltl 8gk 89;

1 0 9,
~ ZN2oV x) oV x)Z
_ (Wl(:z;)>2 + Wale, 2). (D.2)
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On the other hand, the first two terms can be rewritten as

- + 9 Z
Zx"“ (89 41 ; OGk4n— 1>
1 0 1 0

n>0 n,k>0 Ogi-+n—1
m+1
-1

= x

z ot X S
_ -1 l—m—2
- Zka—JFZ“" lglzxmﬂ Ogm Z Z & lgla

k>1 >0 m>0 m>0[>m—+2
:—EW()V’ O g > 2"y (n+k+2)g “aF

t 1 ago n+k+ ag

n>0 k>0

)"

(D.3)

where V'(z) denotes the derivative of the potential with respect to z. Let us denote the last

two terms by Pj(z), that is,

9
Pi(z) = 890F D_a" Y (ntk+2gniisag - F.

n>0 k>0

(D.4)

which is a power series in = (and becomes a polynomial in z of degree d — 2 if we set g, =0

for k > d). Putting all this together, we obtain the loop equation (6.38)):

=SV @) + Puta) + (W) + Wala, ) = 0.

D.2 Fermionic Loop Equation for Supereigenvalue Models

The fermionic loop equation is derived from the following formal series:

I 1
=2 2 5oiCn32

n>0

1 1 B B) 2
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where equality holds due to the super-Virasoro constraints. Let us first consider the last

term. This term vanishes for n = 0, hence we can shift indices:

— 0
_ZX”+1N228§+1397L]1 ZNQZX’”+228§ 18gmj

n>0 m>0

SR o
Z N2 Pt X Fk+1 XI+1 aglﬂ_% agl

1R 0 9

T ZN29VU(X)oV(X)

=W (X[ X) + Wi (X)W (1X). (D.7)

Z

As for the first three terms, they can be manipulated as follows:

8 0
LY ke (54 X (e i) ) 2

n>0 k>0
1 oF 1 OF oOF
=Xy —— - —— [ X*(k+ 1)gs + X%
; X n+l agH% k;O X ntk+1 ( +1a§n+k+% kt3 OGiin
1 OF 1 l OF .. OF
= _— — + X'
XZ X+l af l +n;); Xt (X (l + 1)91—&-185, +l + §l+§ agm>
oF 1 oOF
! l
ZXn+1 €, 1 +ZX (T+1 ngZXmH 9, +ZX§Z+%ZXm+13’Tm
n>1 1>0 m>0 1>0 m>0
oF oF
_ Z Z Xl*mfl < l—l— 1)gl+1a +~’Sl+28 )
m>0 1>m+1 Em +1 Im
N_, N
= _?V (X)Won(|X) — ?\Ij(X)WHO(XD + Pop (| X), (D.8)
where we defined
oF oOF
Poi(|X) = ZXn Z ( n+k+ 2)gn+k+26 + §n+k+ga_> : (D.9)
3 n>0 k>0 Sk Gk

Putting everything together, we find the fermionic loop equation (8.39)):

- gV/(X)Wou(\X) - g‘P(X)Wuo(XD + Wi (X X) + Who(X)Won (| X) 4+ Poji (|1 X) = 0.

(D.10)
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D.3 Bosonic Loop Equation for Supereigenvalue Models

The bosonic loop equation is derived starting from the following series:

Z Z anrl

n>0
1 1 0 1/(t\’—= 98 0
Z Z xn+1 <ag +1 ; gk agk)-‘rn—l 2 (N) =0 agj 8971—]—1
n 0 1/t \* & (n—2 0 0
Dot ()R () e

(D.11)

Again, equality holds due to the super-Virasoro constraints. The first line is the same as

(D.1)) except the 1/2 in the third term. Thus it can be written as

N _, 1 2 1 oF oOF
- ?V ()Wijo(|) + §<W1|0(33|)> + §W2|0(957$|) Z Z n+k+ 2)gn+k+289
n>0 k>0
(D.12)
We manipulate the first term in the second line of (D.11]) to get
0
= R
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Finally, for the last term in (D.11)), terms for n = 0, 1 are zero, thus we shift the index to get

n—2
1 t n—2 0 0
2Z ( > Z a:”“ ( ]) 8’Sj+% 8571734%
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For the second equality we used the fact that
Z=0. D.15
Z 86 gm ]—&-7 ( )
Putting all this together, we obtain the bosonic loop equation (8.47)):
N _, 1 2 1 N _, N 0
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where we defined
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