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Abstract

In this thesis we study the entropy of the Janus interface in a 4d N = 2
superconformal field theory (SCEFT). The Janus interface is a co-dimension
one defect across which a coupling constant changes its value. We show that
the entropy of the Janus interface in a 4d N' = 2 SCFT can be written by
a specific linear combination of analytically continued Kéahler potentials on
moduli space called Calabi’s diastasis.

First we give a definition of an interface entropy as a contribution from an
interface to an entanglement entropy across a spherical entangling surface.
Then we derive the relation between the interface entropy and the sphere par-
tition function via the conformal map introduced by Casini, Huerta, Meyers.
Finally we evaluate the entropy of the Janus interface by using this relation
and SUSY localization to show that it can be written by Calabi’s diastasis.
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Chapter 1

Introduction

Quantum field theories (QFTs) are very fundamental and important sub-
jects in theoretical physics because they describe wide phenomena; particle
physics, condensed matter physics, cosmology and so on. Morever QFTs
themselves exhibit rich and fascinating structure. The main purpose of this
thesis is to study a QF'T non-perturbatively by using non-local objects called
defects. In this chapter we briefly explain basic backgrounds to give moti-
vations to the subjects of this thesis. Then we summarize main results and
explain the organization of this thesis.

1.1 Background and motivation

1.1.1 Defects

What we mainly focus on in this paper are non-local objects in QFTs which
are so called defects. Defects have many applications and thus are very
important. We list some of them.

e The expectation value of a defect can be used as an order parameter
of a phase transition. For example, a dimension one defect in quantum
chromodynamics (QCD) called the Wilson loop is used to diagnose
confinement.

e By inserting a defect into a QFT, we can extract data in the ambient
QFT (bulk) via relations between data in the bulk and defect, e.g. [1].

7



8 CHAPTER 1. INTRODUCTION

e In a realistic setting in a laboratory, materials have boundaries and/or
interfaces. This can be understood theoretically as co-dimension one
defects in a QFT.

e Open string theory is formulated by a conformal field theories (CEFT)
on a world-sheet with a boundary.

In this paper we particularly focus on a co-dimension one defect, an interface.

1.1.2 Interface entropy

We particularly focus on an entropy associated to an interface which we call
an interface entropy. Here we explain the motivation to study this quantity
on a general background. A motivation to study the entropy for a specific
interface (the Janus interface) will be explained in the next subsection. One
of motivations to study an interface entropy is that it is conjectured to be a
C-function in a CFT with an interface which we call an interface CFT or an
ICFT [2]. Let me explain this point.

What is a C-function? Suppose that we have a conformal field thoery
(CFT) at a ultraviolet (UV) fixed point, then flow to an infrared (IR) fixed
point along with a renormalization group (RG) flow. A function which de-
creases monotonically along with a RG flow is called a C-function. If we can
find a C-function, we can get nontrivial constraints on IR quantities from UV
quantities. Furthermore this function characterizes the number of degrees of
freedom since the value of this function at the UV theory where many modes
fluctuate is bigger than the value at the IR theory where only few modes
fluctuate.

We have some examples of such functions in CFTs without an interface.
In two dimensions such a function was first constructed by [3] from a partic-
ular linear combination of two point functions of the stress-energy tensor. It
reduces to the coefficient of the Weyl anomaly or the c-central charge at fixed
points. In four dimensions the a-coefficient of the Weyl anomaly is shown to
be a weak version ! of C-function by [4]. In three dimensions it was proposed
that the free energy which is the log of a partition function on a sphere is a
C-function [5, 6]. This statement was later proved by [7].

IThis means that the value of the function at an UV fixed point is bigger than that at
an IR fixed point, not necessarily decreases along RG flows.
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Then a natural question is whether we can find a C-function in ICFT.
One of candidates is an entropy of an interface which we call an interface
entropy [2]. So if this statement is proved we can use an interface entropy to
classify /constraint theories with an interface. This motivates us to study an
interface entropy.

1.1.3 Janus interface and its entropy

In the latter half of this thesis we focus on a specific interface, called the
Janus interface [8, 9]. The direct motivation of our research is the fascinating
relation [10] between the entropy of the Janus interface in a 2d N' = (2,2)
superconformal field theory (SCEFT) and the geometric quantity on the space
of CFTs called Calabi’s diastasis [11].

Let us consider the space of CFTs S called the conformal manifold or the
moduli space which is parametrized by moduli parameters 77 2. The Janus
interface is an interface across which moduli parameters change their values.
The author of the paper [10] showed that the entropy of the Janus interface
in a 2d N = (2,2) SCFT can be written by a specific linear combination of
analytically continued Kéhler potentials on moduli space:

St o [K(14,74) + K(1—,7-) = K(74,7-) — K(7_,74)] =: D. (1.1)

Calabi named this quantity D diastasis [11] which is an ancient Greek word
meaning “distance”. It reduces to a geodesic distance defined from the
Zamolodchikov metric on the moduli space [11], but does not satisfy the
axiom of distance, e.g. the triangle inequality [10]. The relation (1.1) in a 2d
N = (2,2) SCFT was further confirmed by holography in [12], super-Weyl
anomaly in [13], and supersymmetric localization in [14].

Then a natural question is whether the relation [15] holds for other cases.
It was conjectured [16] that the relation (1.1) also holds in 4d N" = 2 SCFTs 3
from a holographic consideration. The main purpose of this thesis is to give
a proof of this claim via supersymmetric localization based on our paper [15].

2The precise definition of the conformal manifold will be given in Section 2.3.1.
3The half-BPS superconformal Janus interface in a 4d N' = 2 SCFT was studied in the
previous works [17, 18, 19, 20, 21].
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1.2 Summary of this thesis

Now let us summarize an outline of the proof [15] of the claim (1.1) in 4d
N =2 SCFTs.

e We first define an interface entropy as a contribution to an entangle-
ment entropy from an interface.

e We then derive the relation between an entropy of a conformal and
superconformal interface and the partition function on a sphere by the
conformal map introduced by [22].

e We evaluate the sphere partition function in the presence of the Janus
interface in a 4d N' = 2 SCFT via supersymmetric localization.

e Finally we combine this result and the above relation to show that the
Janus interface entropy can be written by Calabi’s diastasis.

The organization of this thesis is as follows. In Chapter 3 we define an in-
terface entropy by using an entanglement entropy, and derive the relations
between the interface entropy and partition functions in the presence of a
conformal /superconformal interface. The results in Chapter 3 hold for gen-
eral conformal/superconformal interfaces.

We focus on the Janus interface in 4d N' = 2 SCFTs after Chapter 4.
In Chapter 4 we give an off-shell construction of the Janus interface. In
Chapter 5 we compute the sphere partition function via supersymmetric
localization technique. By combining this result and the result in Chapter 3
we show that an interface entropy of the Janus interface in 4d N' = 2 SCFTs
can be written as Calabi’s diastasis.

We give a brief review on CF'T and SCFT in Chapter 2. Each chapter also
has a brief review on relevant topics. Notations, conventions and technical
issues are summarized in Appendix.



Chapter 2

Conformal and superconformal
field theory

In this chapter we give a very brief review on conformal field theories (CFTs)
and superconformal field theories (SCFTs). The main purpose is to explain
symmetry and general structure of correlation functions and partition func-
tions.

2.1 Conformal Field Theory

2.1.1 Conformal symmetry and conformal algebra

First let us explain about conformal field theories in general dimensions with
Lorentzian signature !. We use a convention in which ), = (=1, +1,--- ,+1).
The conformal transformation is a transformation which preserves a metric
up to a factor,
gl’w(:v’) = Q(x)gu (). (2.1)
Under infinitesimal coordinate transformations z* — x* + €(x), the metric
transforms as
guu — g,uu - 8#@/ - aue,u- (22)
Imposing the above metric transformation to be a conformal transforma-
tion (2.1), we have the following condition on e:

2
Oue, + 0p€, = E(‘?pepg,w. (2.3)

For more detail on CFTs, see for example [23, 24].

11



12 CHAPTER 2. CFT AND SCFT

This equation is called the conformal Killing equation. Let us focus on the
solution for d > 3 2. The general solutions for (2.3) are given by

e =at 4+ \x, + A\prH + (mg)\’;( — Qx“a:”)\;@) , (2.4)
where a”, M Ap, M} are real parameters. We explain the transformations
caused by each terms.

e The first term corresponds to translations z'* = x* + a* where a* are
d real parameters.

e The second term corresponds to rotations z'# = Mz, where M is
real and antisymmetric tensor A* = —\"* which has 5d(d — 1) real
parameters.

e The third term corresponds to dilatations z’* = Apx* where Ap is a
real parameter.

e The forth term corresponds to special conformal transformations z'* =
22 \E — 22F2” N, where Ny are d real parameters.

Thus in total the solutions (2.4) are parametrized by d+ 3d(d—1)+1+4d =
1 5(d+1)(d +2) real parameters. We denote the corresponding generators by

P ,M,,, D, K, to write conformal transformations as

So(e) = a* + §AWMW +ApD + ALK, (2.5)

The commutators of these generators are given by

(M, MP7] = = MopMop — Mo Mpw + Nuo My, (2.6)
[Py My,] = 2 Nl ol [Kpus M) = 20,0, Ky, (2.7)
[ K, =2nuwD + M), (2.8)
[ P =P, [D K=K, (2.9)

and the other commutators vanish 3. The group generated by them are called
the conformal group, which is equivalent to SO(d,2). If we perform Wick
rotation and consider the Euclidean signature, then the resulting conformal
group is SO(d + 1,1).

2In d = 2 finite conformal symmetry is enhanced to infinite symmetry called Virasoro
symmetry.
3We define apby) = %(auby —ayby,).
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2.1.2 Primary and descendant operator

Instead of demonstrating a whole story about a representation of conformal
group in this thesis, we quickly summarize the conclusion. A representation
is specified by an operator O(x) called a primary operator which satisfies the
following conditions:

[D,0(0)] = AO(0), (2.10)
(M, O0)] = 8,,0(0). (2.11)
[K,,0(0)] =0, (2.12)

where A is called a conformal dimension or a Weyl wight, and S, is a repre-
sentation matrix of Lorentz group satisfying the commutation relation (2.6).
The other operator in this representation can be obtained by acting the op-
erator P, on the primary operator. They are called descendants.

2.1.3 Correlation function in conformal field thoery

Quantum field theories (QFTs) which are invariant under conformal trans-
formations are called conformal field theories (CFTs). Correlation functions
in CFTs are highly constrained by the conformal symmetry. As a result, n-
point functions with n = 1,2, 3 of primary operators are completely fixed up
to constant factors. Let us explain this point. First, all one point functions
vanish on R?. Next, the two point function of real scalar primary operators
O with conformal dimension A on R? is determined as

k
(O(z)0(y)) = ——5& (2.13)
|z =yl
where k is a constant which can be normalized as £ = 1 in an unitary

CFT. Furthermore, the three point function of primary operators O; with
dimension A; (i = 1,2, 3) is given by
(O1(21)O2(22)Os(3))
C123

= ’xl — $2‘A1+A2*A3 ‘232 . x3|A2+A37A1 ‘%3 _ Z’1|A3+A17A2’ (214)

where c193 is a dynamical coefficient called an OPE (operator product ex-
pansion) coefficient. Higher points functions can be determined by two and
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three point functions, i.e. spectrum and OPE coefficients in principle by
using OPE. Thus these data are called CFT data *.

2.1.4 Trace anomaly

A CFT is a scale invariant theory by definition. This means that the trace
of a stress-energy tensor 7, vanishes in classical levels:

(I,') =0, (classical). (2.15)

However, this does not hold in quantum levels for generic CFTs in even
dimensions. This fact is called the trace anomaly or the Weyl anomaly or
the conformal anomaly. They can be written as

(T,") = =2(—)**AE4+ Y B.I,, (2.16)

where [, are the independent Weyl invariants with a Weyl weight —d, and
E,; is the d-dimensional Euler density. The first and the other terms are
called the A-type and the B-type anomaly, respectively. The coefficient A
in two dimensions is proportional to the c-central charge and the coefficient
in four dimensions is proportional to the a-central charge. They are very
fundamental quantities in CFTs to characterize them partly because they
have monotonic properties under RG flows in four and two dimensions, as
explained in Introduction. They also appear the universal part of sphere
partition functions as we will explain in Section 2.3.2 and an entanglement
entropy as we will explain in Section 3.1.3. Note that in odd dimensions we
do not have Weyl anomaly.

2.2 Supersymmetry and superconformal field
theory

2.2.1 Supersymmetry

The supersymmetry (SUSY) is symmetry which exchanges bosons and fermions.
It is an extension of the Poincaré group whose generators we denote by P,

4As we will explain later, in a CFT with an interface one point functions can have
non-trivial values, so we have to include coefficients of one point functions to CFT data
in this case.
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and M,,. Representations of the SUSY algebra depend on spacetime di-
mensions. In this thesis we mostly focus on the 4d N' = 2 SUSY, so we
here explain the SUSY in d = 4. We use the conventions and notations
in [25] which are summarized in Appendix A. The SUSY transformations are
generated by chiral generators Q',, Qia, (i = 1,..., N):

Qi=PrQi, Q' = PrqQ’, (2.17)

where Pp/p = 3(1=£7.) are chiral projection operators. The Weyl conjugation
of Q;, Q" which are denoted by Q;, Q' are also chiral:

@i = @z’PL? @Z - @iPR- (2-18)

They satisfy the following commutation relations °:

(Qu @} = 5Py P P* Q@ = — 0P PP, (219
{Qu @)} =0, {Q..@" =0 (2.20)
(M) Quals = =15 00) Quss My, Qi) = —i5 (), " @ (2:21)
[P Qual =0, P QL =0 2.22)

In terms of these generators, general SUSY transformations can be written
as

dg(e) = €Qi +&Q, (2.23)
where ¢;, ¢ are left /right handed SUSY parameters:
€ = Pre;, ¢ = Pge'. (2.24)

There is the symmetry which mixes N-supercharges. This symmetry is
called the R-symmetry.

2.2.2 Superconformal symmetry

A superconformal group contains conformal symmetry and R-symmetry as its
bosonic subgroup. It also contains the symmetry generated by spinor genera-
tors @, Q; that are superpartners of translation generators P, and S*, S; that

5We can have more general algebras by including the so-called central charge which we
do not refer to.
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are superpartners of specialconformal generators K. The former is called
the Poincaré SUSY and the latter is called the special superconformal sym-
metry. Explicitly, the superconformal group in four dimensions is SU (2, 2|\)
for ' =1, 2,3 whose bosonic subgroup is SO(4,2) x SU(N)g x U(1)g. The
first factor is the conformal symmetry in four dimensions, and the rest factors
are R-symmetry as indicated in subscripts. For N/ = 4 case the superconfor-
mal group is PSU(2,2[4).

The Poincaré SUSY transformations are generated by d¢(e€) (2.23) while
the special superconformal transformations are generated by

ds(n) =1'S; + 7,5, (2.25)
where 0%, n; are right /left handed SUSY parameters:
0= Prn’, i = Pui. (2.26)

CFTs which admit superconformal symmetry are called superconformal field
thoeries (SCFTs).

2.3 Sphere partition function

2.3.1 Conformal manifold

Consider a d-dimensional CFT and deform it by a set of operators {Or}}_;.
If we have a Lagrangian description this means that we add

—7 Az O;(z) (2.27)

I

to an original Lagrangian where 7' are parameters. If we do not have a

Lagrangian description we insert

exp {# / ddq:rl(’)l(x)} (2.28)

to correlation functions. If operators O; have a conformal dimension d, then
this operators are called marginal operators and the corresponding deforma-
tion is called a marginal deformation. Furthermore, if the deformed theory
is again conformal in all order in perturbation theory with respect to 7/ then
the operators are called exactly marginal operators and the deformation is
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called an exactly marginal deformation. In this case, we have a family of
CFTs parametrized by 7/ which we call the conformal manifold or the mod-
uli space S. The parameters 7/ are called moduli parameters or exactly
marginal couplings. It is known that the conformal manifold & admits the
Riemannian metric called the Zamolodchikov metric [3].

2.3.2 Divergent structure of sphere partition function

In this subsection we explain the general structure of partition functions of
CFTs on a d-dimensional sphere. Since a sphere has a finite volume, there
are no IR divergences, but there are still UV divergences. So we introduce an
UV cut-off Ay to regularize the partition function. Then sphere partition
function has the following structure for even d °:

log Z[SY] = A1 () (rAuy )*™ 4+ Ao (T)(rAgy)*" 2 + - + A, (1) (rAyy)?
+ A(7) log(rApv) + Fau(7), (2.29)

where d = 2n and r is a radius of the sphere. On the other hand, for odd d
it has the following structure:

log Z[S%] = By(7)(rApv)*™ ™ + Ba(7) (rApy)?" ™ + -« + B (1) (rApv)
+ Fonia(7). (2.30)

The power law divergences correspond to the counterterms which are explic-
itly written as

Az 2kt / d*"x\/g A (T)RF! (2.31)
for even d and
AZp 2 / d*" o /gBy(T)RF! (2.32)

for odd d. So these divergent terms are ambiguous and can be removed in
the continuum limit.

For even d one can show that the coefficient in front of the log divergent
term does not depend on the exactly marginal parameter 7 and is propor-
tional to the Weyl anomaly coefficient. On the other hand, the finite term

6Without loss of generality we consider a single moduli parameter 7 and omit indices.
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Fy,(7) is ambiguous and can be removed by local conterterms

/ d*"2\/qFon(T) Eap. (2.33)

As we will explain in the next subsecion, when we treat a supersymmetric
theory the situation can be different.

For odd d one can also show that the finite term Fy,1(7) is unambiguous
and does not depend on the exactly marginal parameter 7.

To recap, the universal term in the log of the sphere partition function is
the log divergent term for even d and the constant term for odd d.

2.3.3 Supsersymmetric partition function

When we consider SCF'T's the structure of sphere partition functions can be
different [26]. In this case we often regularize a partition function with a
part of SUSY preserved. In the absence of supersymmetry, we consider dif-
feomorphism invariant counterterms. On the other hand, in SUSY preserving
scheme we consider SUSY invariant and diffeomorphism invariant countert-
erms given by supergravity. Thus the allowed counterterms become more
restricted. As a result, a finite term F5,(7) for even d which is ambiguous in
non-SUSY cases can be unambiguous. Indeed, for a 2d ' = (2,2) SCFT and
a4d N = 2 SCFT it gives Kahler potentials on moduli space [27, 28, 26, 29] 7

ZSUsy[SZ] (T, ?) = €_K(T’?), ZSUSY [84](7', ?) = GK(T’?)/H. (234)

The 2d result was first conjectured in [27] and later proved by [28] via the
SUSY localization technique ® *. The authors of [26] further gave a new proof
of this claim by using supersymmetric Ward identity which does not depend
on a Lagrangian description nor SUSY localization. The 4d result was first
derived in [26] via SUSY localization and further proved by supersymmetric
Ward identity in [29].

A choice of SUSY preserving regularization schemes corresponds to the
choice of Kahler potentials on the conformal manifold. In other words, chang-

"For a 4d N' =1 and a 2d N' = (1,1) SCFT, the finite terms are ambiguous and thus
not physical quantity [26].

8SUSY localization will be reviewed in Section 5.1.

9Here we focus only on the constant term in (2.29). Thus these equalities hold up to
moduli independent factors due to the Weyl anomaly.
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ing a regularization scheme causes the the Kahler transformations
K(r,7) = K(1,7) + F(1) + F(7), (2.35)

where F(-) and F(-) are a holomorphic and an anti-holomorphic function,
respectively. This means that the sphere partition function is not actually
a function but a section. This difference can be explained by supergrav-
ity counterterms [26, 29]. We will explain this point more explicitly in the
presence of the Janus interface in Section 5.2.4.






Chapter 3

Interface entropy

In this chapter we study an entropy of a general conformal/superconformal
interface. Although we explained motivations to study an interface entropy
in Chapter 1, here we want to recap points. One motivation to study an
interface entropy is that it is conjectured to be a C-function in a CFT with an
interface (ICFT) [2]. If this statement is true, then an interface entropy can
be used to classify/constraints data in ICFTs. Thus it is very important to
compute an interface entropy nonperturbatively for examining its property.
The second motivation that is more directly related to this thesis is to study
the relation between an entropy of the Janus interface and Calabi’s diastasis.
This topic will be explained in Chapter 4 and Chapter 5.

Let us summarize contents covered in this chapter. The goal of this
chapter is to derive the relation between a sphere partition function and an
interface entropy in the presence of a conformal/superconformal interface
which are given in (3.36) and (3.42). The main tool to derive these relations
is a conformal map introduced in the paper [22] which we call the CHM
map. So we first review in Section 3.1 the CHM map and the derivation
of the relation between a sphere partition function and an entanglement
entropy across a spherical entangling surface in the absence of an interface
according to [22]. Next we introduce a conformal interface and define its
entropy. Then we apply the CHM map to derive the similar relation in the
presence of a conformal interface in Section 3.2. In Section 3.3 we further
derive the similar relation for a half-BPS superconformal interface in a SCF'T
after defining it. In an intermediate step we make an assumption. We also
discuss this assumption is quite natural in terms of the supersymmetric Rényi
entropy.

21
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3.1 Entanglement entropy and sphere parti-
tion function in CFT

In this section we review the results [22] in general CFTs without an interface
to apply them to CFTs with an interface.

3.1.1 CHM map

First we explain the original map which transforms the Minkowski space
RY4=! into the static patch of the de Sitter space. We parametrize the d-
dimensional Minkowski space by (¢,7,Qq_2) where Q4_ parametrize S?2.
The metric is given by

ds? = —dt* + dr? + r2dQ3_,,. (3.1)
Next we consider the conformal transformation (r,t,Q4_2) — (0,7, Q4_2)

‘o cos @ sinh(7/R)
~ 1+ cosfcosh(r/R)’
sin ¢
=R
" 1+ cos@cosh(T/R)’

(3.2)

(3.3)

where R is a constant and 0 < 6 < w/2. We call this transformation as the
(Lorentzian version of) CHM map [22]. Under this map, the metric (3.1)
transforms as

ds® = Q% (— cos® 0d7* + R*dF” + sin® 0dQ;_,) (3.4)
where a conformal factor €2 is given by

1

Q= .
1 + cosf cosh(7/R)

(3.5)

The new coordinates (0, 7,€;_») are the static patch of the de Sitter space
with a radius R. This fact can be seen more transparently when we write
the metric (3.4) by (7 = Rsiné, 7,Q4_2) as

52

2 r 2 di? 4212
ds :—(1—ﬁ) dr —|—T2/R2+Td9d_2. (36)
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The surface 7 = 1 corresponds to a cosmological horizon.

On the other hand, if we start with the Euclidean flat space R? instead
of Minkowski space in which the metric can be obtained by performing Wick
rotation ¢ — it in (3.1) as

ds? = dt? + dr? 4+ 72dQ2_,. (3.7)

In this case, the (Euclidean version of) CHM map is given by

‘o cos @sin(7/R) | (3.8)
1 4 cos B cos(7/R)

sin
=R 3.9
" 1+ cosf@cos(t/R)’ (39)

and the metric after this transformation is
ds? = Q2 (0032 6dr* + R*d6? + sin® Hdel_2) = 0%dsZ,, (3.10)

where a conformal factor €2 is given by
1

(3.11)

Q pu—
1+ cosfcos(t/R)’

and 0 < 0 < /2. So in this case we finally have a d-dimensional sphere Se.

3.1.2 Original derivation of the relation

By using the CHM map, the author of the paper [22] derived the relation
between entanglement entropy with a spherical entangling surface and the
sphere partition function. We review their results here to apply them to an
ICF'T later.

We start with the Lorentzian flat space R¥¥~! and take ¥ := S%2 on a
constant time slice as an entangling surface. See Figure 3.1. We denote inside
and outside of ¥ as V and V respectively. Then by tracing out the degree
of freedom in V we obtain a reduced density matrix p. An entanglement
entropy Sg across X is given by the von Neumann entropy

Sg = —try [plnp|, (3.12)

where a trace is taken for the degree of freedom in V. Note that an entangle-
ment entropy in a continuum quantum field theory has UV divergent which



24 CHAPTER 3. INTERFACE ENTROPY

|El,d—1
t
>
1%

Figure 3.1: Entanglement entropy without an interface

A

we should regulate properly. We will explain this point in Section We will
explain how to regularize UV divergent in Section 3.1.3.

Next, we use the CHM map (3.2). After this transformation, the modular
flow induced by p'* inside the causal development of V' is mapped to the time
translation 7 — 7427 Rs in de Sitter space !. Then one can show that states
in the static de Sitter space is thermal at a temperature 7" = 1/(27R) and
the density matrix is given by

efﬁHT

) (3.13)

= T
where H, is a operator generating the translation in 7-direction. Thus the
entanglement entropy (3.12) can be written as

where 8 := 2nR, E := tr(pH,), and Z := tre P,

As explained in the next subsection, we are interested in the universal
part of an entanglement entropy Sg which is a log divergent term for even
d and a constant term for odd d. Since the energy term E is given by an
integral of the one point function of the energy momentum tensor, it gives
a finite result for even d and 0 for odd d, see Section 2.1.4. Therefore we
do not need to consider this term for our purpose. Thus all we need is the

IThe causal development of V is a set of points such that all causal curves through
them intersect V.
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second term in (3.14) which becomes In Z[S] after Wick rotation. Therefore
we can finally write the entanglement entropy across a spherical entangling
surface by free energy W := —In Z[S9] as

Sp=—W =1n Z[S. (3.15)

3.1.3 UV divergence

Let us mention about UV divergence. In general, an entanglement entropy
in a continuum QFT has the following UV structure:

aglog(rAyv) + fa  (d: even)

. @ odd) (3.16)

Sg = (power low divergences) + {

The log divergent term in even dimensions and the constant term in odd
dimensions are known to be universal, i.e. independent of UV regularization
schemes.

On the other hand, the log of the sphere partition function also has the
same divergence structure as (2.29) and (2.30). Then the precise version of
the equation (3.15) is that

SEliog = I Z[SY)|10g, (d : even), (3.17)
Sgleonst = 10 Z[SY |eonst (d : odd). (3.18)

3.1.4 Another derivation

In the previous section, we derive the relation (3.15) between the free energy
and entanglement entropy. Here we introduce another equivalent derivation
via replica methods according to [2]. Here we assume that we are in even di-
mensions and using dimensional regularization to avoid an extra care about
the conformal anomaly in intermediate steps. It is automatically incorpo-
rated into a pole in even dimensions.

We first introduce the quantity called the Rényi Entropy S, which is
parametrized by a real parameter n called the Rény parameter as

1
Sy = - In try p". (3.19)
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This quantity reduces to an entanglement entropy (3.12) by taking n — 1
limit:
711113 Sn = Sg. (3.20)
In the replica trick we identify the Rényi entropy S,, with the partition func-
tion on a branched cover of the original manifold M which we denote by
M,, 2. With a proper normalization, this can be stated as
ZM]™

tryp (3.21)

In this case M = R? We use the Euclidean version of the CHM map (3.8).
The metric is conformally equivalent to the one of sphere, ds2, = Q*dsZ, via
the CHM map. Moreover, the n-fold cover of R? is mapped to S¢ as

dsz, = Q*dsg,, (3.22)

where
dsZ, = cos® 0d7* + R’n*d6” + sin® 0dQ7_,. (3.23)
So the partition functions on each manifolds are related as

ZIRY = Z[SY], Z[RY = Z[SY (3.24)

Note that we do not need care about the conformal anomaly in this step
since we use the dimensional regularization.
Thus we can obtain the Rényi entropy via

1 Z[Sd
S, = Intryp"” =In S

— TS (3.25)

To obtain the entanglement entropy, we evaluate the above equation around
n=1.

Sp = lim (InZ[S% — In Z[S) + In Z[S"] (3.26)

n—1 —n

The first term around n = 1 can be written as

In Z[S%] — In Z[S%] = —%/ 6w (T")sa + O ((n — 1)%), (3.27)

Sd

2More precisely M,, is made as follows. First we prepare n-th copies of M. Then we
cut and glue them at entangling surfaces.
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where dg,, is a deviation of the S; metric from S* up to O(n — 1). In
the absence of the conformal anomaly, the one point function of the energy
momentum tensor on sphere is proportional to that on flat space as

(T")gs = (Weyl factor)? (T")ga = 0. (3.28)

So we show that the first term in (3.26) vanishes to have Sg = In Z[S?]. This
is exactly the same result in the previous subsection.

3.2 Entropy of a conformal interface

In this section we define a conformal interface and its entropy. Then we derive
the relation between a sphere partition function and an interface entropy by
generalizing the results reviewed in the previous section.

3.2.1 Conformal interface

We consider non-local objects in QFT's that are called defects. Let us consider
a CFT in d-dimensional flat space R? and insert a co-dimesion p defect.
We are interested in defects which preserve a part of conformal symmetry
SO(d+1,1). We call defects which preserve the maximal subgroup SO(p +
1,1) x SO(q) as conformal defects and CFTs with defects as defect conformal
field theories (DCFTs). In particular co-dimension one defects are denoted as
interfaces, domain-walls, and boundaries. An interface preserving SO(d, 1) C
SO(d+1,1) is called as a conformal interface and a CFT with a conformal
interface as an interface CFT (ICFT).

Although the full conformal invariance is violated by inserted defects, the
correlation functions in DCFTs or ICFTs are strongly constrained by the
remaining conformal symmetry. For example, one can show that one point
functions in an ICFT of an operator with nonzero spin vanish [30]. On the
other hand, the one point function of scalar operators O with a conformal
dimension Ay is given by

(O(y) "™ = (3.29)
|y

where we introduce Cartesian coordinate y* and y, is a coordinate perpen-
dicular to the interface. The nontrivial coefficient ap which vanish in a CFT
without an interface is also dynamical data in an ICFT.
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interface

CFT.

Figure 3.2: Entanglement entropy with an interface

3.2.2 Entropy of conformal interface

Let us explain setup depicted in Figure 3.2. We start with a flat space R?
and parametrize it by Cartesian coordinates (y°,y*,---,y97 1) . A planar
interface 7 is placed at y?~! = 0. This preserves SO(d, 1) and therefore is a
conformal interface. Two different CFTs live in both sides of the interface,
and we denote it by CFT, and CFT_, respectively.

Then we define an entropy associated to this interface. Frist we take > :=
S92 as an entangling surface. Then we have an entanglement entropy in the
presence of an interface by (3.12) which we denote as S EICFT). We also have an
entanglement entropy across the same surface ¥ in the absence of an interface
for a CFT and CFT_. We denote them by SI(ECFTi). Then a definition of an
interface entropy Sz is given as a contribution to an entanglement entropy
from an interface:

1
Sz 1= S50 — 2 (SET + 55)). (3.30)

In the absence of an interface we can use the result reviewed in Section 3.1:

SIOFTL) _ 1y Z(CPTa)[gd), (3.31)

3From now on we denote Cartesian coordinates in a flat space by y* to distinguish
them from stereographic coordinates on a sphere denoted by z* which will be introduced
in the next chapter.
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In the presence of an interface, we again use the CHM map to map R?
to S? after the Wick rotation. By this map, a planar interface is mapped
to spherical surface at an equator of S?. Similar as in a CFT without an
interface, an entanglement entropy with an interface can be written as

(ICFT) _ .
S~

(In ZUFD[SA) — In ZIFD[SY) 4 In ZIFD S (3.32)

via the CHM map. The first term around n = 1 can be written as

1
In Z(ICFT) [SZ] —1In Z(ICFT) [Sd] — _5 /d 59/“/ <TMV>(ICFT) +0O ((TL _ 1)2) )
S

(3.33)

As we explained in 3.2.1, one point functions of operators with nonzero spins
vanish due to the remaining conformal symmetry. So we can drop the first
term since the one point function on a sphere is proportional to it on a flat
space:

éIdCFT) = (Weyl factor)? <T’“’>§SFT) =0. (3.34)

(")
So we can again show that the first term in (3.32) vanishes and thus
S = 70T D). (3.35)

Then by combining the relations (3.31) and (3.31) with the definition of an
interface entropy (3.30) we have *

7(ICFT) [Sd]
(Z(CFT+) [Sd]Z(CFT,) [Sd])1/2

Sr=1In (3.36)

3.2.3 UV divergence

Let us here mention about UV divergence in the interface entropy. As ex-
plained in Section 3.1.3, each terms in (3.30) have UV divergence. We focus
on the even d case which will be used later. In this case, the entanglement
entropy has the structure given in (3.16). Thus the interface entropy has the

4This result is the special case of the result in [2] where they considered more general
conformal defects.
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structure as °

Sr = (power low divergence) + f7. (3.37)

We explained that the constant terms in an entanglement entropy are am-
biguous and thus not physical. However, their difference f7 is considered to
be universal 5. So the formula (3.36) should be understood as the equality
between finite contributions.

3.3 Entropy of a half-BPS superconformal in-
terface

In this section, we define a half-BPS superconformal interface in a SCF'T and

derive the similar formula as (3.36) for a superconformal interface. We focus
on CFTs with specific dimensions and SUSY, 4d N = 2 SCFTs.

3.3.1 Half-BPS superconformal interface

Let us consider a N/ = 2 superconformal field theory on a flat space. The
superconformal algebra is SU(2,2|2) whose bosonic subgroup is SO(4,2) x
SU(2)r x U(1)gr as explained in Section 2.2.2. We are interested in an in-
terface which maximally preserves a part of SU(2,2|2) symmetry. Such an
interface is called a half-BPS superconformal interface.

As explained in Section 2.2.2, the full symmetry SU(2,2|2) is generated
by Q°, Q; and S*, S; as

6o =€Q; +&Q", 65 =1S;+1m;5". (3.38)

A half-BPS superconformal interface is invariant under transformations by
parameters satisfying

& = pi Ve, mi=—pyyn, (3.39)

5The log divergence has subtleties. This term arises from the conformal anomaly. The
conformal anomaly in the presence of an interface has the contribution from bulk and the
interface. One can show that the bulk contribution cancels out in (3.36), while we do not
have a proof for vanishing of the contribution from the interface. However, holographic
examples in [2] and Section 5.4 provide non-trivial evidences.

SFor example the author of the paper [31] showed that this part is independent of the
choice of UV regularization schemes by explicit calculation. This fact can be seen also in
Section 5.4.
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where p;; satisfies p;; = pji, pi; " = 0F with 97 := (p;;)*. In other words, the
preserved symmetry is generated by the following specific linear combination
of supercharges:

Qi — pij 1@, Si+ pijsS’. (3.40)

The resulting symmetry is the 3d N' = 2 superconformal algebra denoted
as OSp(2]4)s. 7.

3.3.2 Entropy of a supefconformal interface

Now we want to derive similar relation as (3.36) for a half-BPS superconfor-
mal interface Z.

In this case, there are deferences from the previous argument. First, fields
in SCF'Ts can couple to fields in a supergravity multiplet other than a metric.
This makes a partition function of a SCFT a functional of a supergravity
multiplet rather than a functional of a metric.

Second, we use a regularization scheme preserving the conformal sym-
metry in the previous derivation. In supersymmetric case, we have another
choice; a regularization scheme which preserve a part of supersymmetry 8.
We denote a partition function on a spacetime manifold M in a SCFT in
the presence of a half-BPS superconformal interface Z as ZZ;qy[M]. As we
will see later in Chapter 5 it can be complex in general. If we simply replace
ZUCFD[S) in (3.36) with ZZ sy [SY, the resulting entropy becomes complex.
So we here make the following assumption:

Z0TV[SY = [ ZEusy (S| (3.41)

Then we obtain a relation between a SUSY partition function and an interface
entropy for a half-BPS interface Z as

| ZEssy[SY]
CFT CFT_
(Zoer” 184 ZiTsy  [SH)12

Sz = log : (3.42)

where Zé%g?(i)[S‘*] is a partition function for CFT, computed in a SUSY

"We write the letter “sc” to distinguish the 3d N' = 2 superconformal algebra from
4d N = 2 massive SUSY algebra which we will denote OSp(2|4),,. We will explain their
correspondence later.

80ne example is SUSY localization which is reviewed in Section 5.1.
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preserving scheme. Unfortunately we do not have a proof for the assump-
tion (3.41), but we have some evidences for it .

e The assumption (3.41) is equivalent to an assumption that an entan-

glement entropy with an interface S](EICFT) can be derived from the su-
persymmetric Rényi entropy. See the next subsection.

e The results obtained in holographic calculation are consistent with the
formula (3.42). See Section 5.4.

e In two dimensional case, we can give a proof of similar relation (C.8)
by using boundary super-Weyl anomaly. See Appendix C.

3.3.3 Supersymmetric Rényi entropy

Now we want to explain that the assumption (3.41) is natural in terms of
the supersymmetric Rényi entropy. First let us define the supersymmetric
Rényi entropy [33]. As we explained before, fields in SCFTs can couple to
the supergravity background. Similar as the Rényi entropy, we consider the
n-fold cover of a supergravity background on S* which has singularity at
n = 1. To define a supersymmetric Rényi entropy, we resolve this singularity
and denote the resulting background as Sﬁ. The metric of the resolved n-fold
cover Sﬁ is given by

ds3, = (f(9))” d¢* + n®sin® fd7® + cos® 6, (3.43)

where we set R =1 and a smooth function f(6) satisfies
f(@—=0)=n, f(@>0)=1, (3.44)

for a small parameter 0 < 1. Then the supersymmetric Rényi entropy in the
presence of a half-BPS interface Z denoted by SZ;sy ,, is given by

Zhsy Bl
(Z SIUSY [S4])

9Tn d = 3, it is usual to define the free energy by taking the absolute value of the
partition function as F = —log | Zsusy[S?]|. See for example [6, 32].

S%USY n — E Re log (345)
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Now we assume that an entanglement entropy with an interface can be
derived from the supersymmetric Rényi entropy:

SgCFT) = }}E} SSIUSY n (3.46)

Below we want to show that the formula (3.42) can be derived from this
assumption and therefore the assumption (3.46) is equivalent to the assump-
tion (3.41).

By substituting the equation (3.45) to the definition of an interface en-
tropy (3.30), we have

SSCFT) = log ’ZSIUSY[S4]| — 0, Re log Zgysy [Svi] L (3.47)

n=

Let us proof that the second term in (3.47) vanish. The background Weyl
mutiplet

W = (s ', Vi, Au, DXL T (3.48)

couples to the supercurrent multiplet 7 which contains a stress-energy ten-
10
sor °:

T = T, Siy 317, G 1, 3% G - (3.49)

Then the partition function ZZ;sy[Si] on the branched sphere is expanded
around n =1 as

— Relog ZgUSY [Svi] + Relog ZSIUSY [84]

1 - — ) .
= /S 4 d*z\/g <§ 69, T + 69, S*i + 6v 5" + SV, i1 s 4+ 0 A, 5"

‘ ‘ (ICFT)
+ 6D J + 6% ji + 0% '+ 0Ty + 5T‘“”j_w> +0O((n—1)%) .

i (3.50)

As in Section 3.2 contributions from operators with nonzero spins vanish.

Thus we look into the one point function (J >g40FT). For this purpose, let us

consider the SUSY transformation of j; in the flat space:
. 1 1. i
0Ji = —5(@J)€z‘ + e’V + 5

5 Jurte + g€, (3.51)

0The explicit form of the supercurrent multiplet for a vector multiplet is given in
Appendix A.6.
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where constant SUSY parameters €', ¢; satisfy the half-BPS condition (3.39).
Then we take vacuum expectation values of both sides. Again one point func-
tions of operators with nonzero spins vanish. We also know that (d7; >]§4C FT)
0 from the Ward identities. Thus for constant €',¢; satisfying the condi-
tion (3.39) we have

0=, (JYWTFD Are . (3.52)

On the other hand, we know that the operator J has the Weyl weight 2 and
thus 1

ICFT ay
<J(y) >I(R4 ) = ’y3‘2’

(3.53)

where a; is a constant. Substituting this equation into (3.52), we show that
ay = 0. So we conclude that (.J )éﬂCFT) = 0 by the similar argument as (3.34).

Thus we show that the second term in (3.47) vanish and therefore
ICFT
SED = log | ZEysy[SY] (3.54)

By comparing this result and (3.35) we reach the assumption (3.41). Con-
versely, if we assume (3.41) we obtain (3.54) which is same as the supersym-
metric Rényi entropy (3.45), thus we arrive at the assumption (3.46). So we
conclude that the assumption (3.45) isequivalent to the assumption (3.41).

HRemind that this form is determined by the remaining conformal symmetry. See
Seciton 3.2.1.



Chapter 4

Construction of the Janus
interface

So far we have considered general conformal /superconformal interfaces. From
now on, we consider a specific interface called the Janus interface. The goal
of the latter half is to show the relation between the Janus interface in 4d
N = 2 SCFTs and a specific linear combination of analytically continued
Kahler potentials on the moduli space called Calabi’s diastasis.

In this Chapter we explain a construction of the Janus interface. In
Section 4.1, we explain an off-shell construction of the Janus interface in the
flat space. We introduce a crucial ingredient, the coupling multiplet whose
bottom component is a position dependent coupling 7(z). We will check
the resulting interface is indeed a half-BPS superconformal interface. In
Section 4.2 we construct the Janus interface on the four sphere and discuss
the relation to the Janus interface in the flat space. In Section 4.3, we
explicitly construct the Janus interface in a 4d N' = 2 gauge theory which
will be used in the computation in the next chapter.

4.1 Off-shell Construction of Janus interface
in flat space

First we explain an off-shell construction of the Janus interface in flat space *.
We denote Cartesian coordinates in flat space as y*, (1 = 0, 1,2, 3) and place

!The similar method was used in [34, 35, 36, 14, 37| for various defects.

35
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the Janus interface orthogonal to the y3-direction, see Figure 3.2. As we
explained in Introduction, the Janus interface is an interface across which an
exactly marginal coupling 7 changes its values. To construct such an object
we promote a coupling constant 7 to a position-depending coupling field 7(y).
Further, to construct a half-BPS interface we promote the coupling field 7(y)
to the bottom component of a A/ = 2 chiral multiplet

T =(r ", BY FD~ A, c), (4.1)
We denote this multiplet by a coupling multiplet. As we will see soon later,
by solving symmetry preserving conditions we can write all components in
T in terms of 7(y). We also have the anti-chiral counterpart of 7~ which we
denote as 7. The components of T are given by

T = (7, W0, BOU, FOT A0 C0), (42)

where we take T to be the complex conjugate of 7: 7 = 7*.

Now we consider symmetry preserving conditions on 7. First, to pre-
serve a part of Lorentz symmetry we set F;SZ)i = 0. Next, to preserve the
half of supersymmetry, we impose that fermionic components in 7,7 and
their SUSY variation vanish. Using the SUSY transformations of a chiral
multiplet 2, the conditions are written as

§U) = (057)7%€; + % B =0, (43)
oA = _%8332-(;)6]"“73% + %C(T)giﬁj =0, (4.4)
SU = (@) + 5 Be; =0, (45)
SAM = —%8gB(T)ij6jk’y3ek + %5(7)6”@' =0, (4.6)

where €, ¢ are constant SUSY parameters. By solving these equations, we
have

BZ(]T) = _ZpZ] 837— s O(T) == —2€+2ia 637—, (47)
BWii = _25ii 9,7 O = —9¢ 2 527 |

2See appendix A.3.2.
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for fields in the coupling multiplet and
€ = Pz‘ﬂgﬁj, (4.9)

for SUSY parameters. These solutions are parametrized by matrices p;;, p*
given as
pij = €9 - Ty =T, (4.10)

where « is a real parameter and 7 is a three-dimensional unit vector. The
condition on SUSY parameters is equivalent to the first condition in (3.39).
So we construct an interface which preserves the half of the supersymme-
try. We further confirm that this interface is also invariant under special
superconformal transformations generated by SUSY parameters satisfying
the second condition in (3.39) when taking a step function profile in the next
subsection.

Note that the auxiliary fields satisfy reality conditions even for generic
T(y): .

B = (BJy, T = (07, (4.11)

This situation is different from the Janus interface on S* which we will con-
struct in Section 4.2.

4.1.1 Step function profile

So far we have considered an interface for a general profile 7(y). We now
consider a step function profile:

5 7. for y3>0,
= 4.12
) {7’ for 43 <0. ( )

In this case, the derivatives of 7(x) are given by a delta function as
057 = AT8(y?), 0Oar = AT (yP). (4.13)

So by substituting these expressions into (4.7) and (4.8), we can obtain the
auxiliary fields for a step function profile as

Bl(;) = —QpUAT 5(y3) 5 O(T) - _26+2iaAT 5,(y3> )

(1)ij —ij AT §(2,3 A(T) i A= 5//,.3 (4'14)
B = 2" ATo(y?), CV) = —=2e"""AT (y°),
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where A7 :=71, —7_.

Now we show that the Janus interface for a step function profile is in-
variant under special superconformal transformations. The special super-
conformal transformations 4, are obtained by substitute ¢ — y*v,n" in
transformation rules in Appendix A.3.1. Then the sg)ecial superconformal
transformation of \IIZ(T) automatically vanishes: 5nkIJ§T = 0. On the other

hand, the special superconformal transformation of AgT) is given by

. 1. 1. o
o, A7) = ) 03B Tyt g + 3 COeyy v’ — BS ey, (4.15)

= 2A7 95(y*5(y°)) pij €7

9
— At B (i) <y3 + Z ya%ﬁ?’) e P (i + payn') . (4.16)
a=0

The first term in the final expression vanishes as a distribution, while the
second term vanishes for SUSY parameters satisfying the condition (3.39).
Thus we conclude that 577\112(-T) = 577/11@ = 0 for a step function profile. Simi-
larly, we can show that §, V(" = §, AV = 0. So in a step function limit, the
Janus interface becomes a half-BPS superconformal interface which preserves
the subalgebra OSp(2]4)s. of the 4d N' = 2 superconformal algebra.

4.2 Off-shell construction of Janus interface
in §*

In this section we explain an off-shell construction of the Janus interface on
S*. Reality properties of auxiliary fields are different from them in flat space.

We also explore the relation between the Janus interface on flat space and
St

4.2.1 Massive subalgebra on S*

In Section 3.3.1 we explained that a half-BPS superconformal interface in a
4d N = 2 preserves the subalgebra OSp(2|4)s. C SU(2,2|2) which is a 3d
N = 2 superconformal algebra. Here we explain another relevant subalgebra
of SU(2,2|2), a 4d N' = 2 massive subalgebra which we denote as OSp(2[4),,.
We will evaluate sphere partition function with this symmetry preserved.
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The massive subalgebra OSp(2[4),, is generated by Killing spinors satis-
fying

VmGi = QLT'%UEW VmEi = %Tﬁijej7 (417)
with
R =e V(- )Y, Ry = et 7). (4.18)

We can diagonalize the equations (4.17) as

. i .
VX = — v X 419
X' = 5 mx (4.19)

by introducing spinors x* defined by
X' = e’ (¢ + K¢;) . (4.20)
The above equation can be solved for € and ¢; as
d=e2PPy, €= eéﬁ(ﬁ - 7)ii PrX. (4.21)

Now we introduce the stereographic coordinates z* in which the metric
is given by 3

Guv = f(x)Q 5/u/ ) f(IL") =T 42 (4'22)

where = := \/zFz,. Then solutions of (4.19) in the stereographic coordinates
are given as

. 1 .
Y = (1 + 27%”‘) Xh s (4.23)

where Xé are constant spinors. By substituting this solution into (4.21), we
finally obtain

2T
i

o :cHF“PLxé) : (4.25)

€ = eéﬁ\/?ﬁ‘ﬁj (PRX{)—i_

3 Although we use the same notation, this is different from the function f(-) in (3.43).
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We further restrict the symmetry by imposing Pryl = 0 without loss of
generality 4. The resulting symmetry is OSp(2|2)., [29].

4.2.2 Construction

Next, we consider a construction of the Janus interface in S*. The reality
condition in this case is different from the one in flat space.

Same as in the construction in flat space, we introduce a chiral cou-
pling multiplet 7 = (7, \IIET), Bl(JT ),F,Ez)f,AET),C(T)) and an anti-chiral cou-
pling multiplet 7 = (7, Ui, B0 pDT A0 ) Next, we impose
that F OEZH = F (g) ~ = 0 to preserve a part of Lorentz symmetry. We also
impose that fermionic components in the chiral/antichiral coupling multiplet
and their SUSY variations vanish to preserve a part of supersymmetry. The
SUSY invariant conditions for the chiral coupling multiplet are written as

1

SO = (V7)€ + 5 BY e =0, (4.27)

. 1o s 1 o
sAT) = -3 Y Btk + 5 CWeyel — BY e = 0. (4.28)

By solving the above equations for the auxiliary fields Bi(jT) and C(7), we have

B = ii;i(igT/(m)ﬁ ) (4.29)

o — % <T"(x) - 57'(1;)) | (4.30)

Similarly, conditions for an anti-chiral coupling multiplet can be written as
oV = (V7)€ + % B¢ =0, (4.31)

SN = —% VB g e + %6(7)6”9 — BDigunf =0 (4.32)

4Imposing this condition corresponds to choosing a special point (north pole). If we do
not impose this condition, the solution of the equation

o P! =0 (4.26)

gives a special point, i.e. north pole. This is a system of four equations for four unknowns
z#, and thus at least generically has a solution.
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Solving the conditions (4.31) and (4.32) for B and ' leads to

B ==y T @ T (433)
—(r —2i8 .2 Y 3 _,
o = ;*T(f)? (? (2)+ =7 (x)) . (4.34)

Note that the conditions for the anti-chiral coupling multiplet (4.31)-(4.32)
are formally related to those for the chiral coupling multiplet (4.27)-(4.28) by
charge conjugation in Minkowski signature, but the resulting auxiliary fields
do not satisfy the reality condition as (4.11) for a generic profile 7(z).

To discuss reality properties of auxiliary fields and a relation between the
Janus interface in flat space and S*, we introduce another coordinate # which
is related to stereographic coordinates by

6
x = 2rtan 3 (4.35)

In this coordinate, the auxiliary fields (4.29)-(4.30) and (4.33)-(4.34) can be
rewritten as

2i i
BY =" co <9/2> i (4.36)
g — 21 tan(e/z)d—eﬁ-Fij , (4.37)
r
26 cos(0/2) dr d2r
() ¢ cos(6/2) g & A
C 7 B (0)2) (cosb )dﬁ +Sm9d62 : (4.38)
—2i8 & 29—
Fr) € sin(0/2) 5 dr d°7 4
C o (0)2) (cosf + )d6+sm9—d92 : (4.39)

As noted before, these auxiliary fields do not satisfy reality conditions (4.11):
)15 (7)\* (1) )\ *
BOY £ (B)yr, O A (CO) (4.40)

However, if we take a step function profile

() = 7 for 0<0<7, (4.41)
)~ for F<0<m, '
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then they satisfy the reality conditions (4.11) as in a flat space. Indeed, the
auxiliary fields in 6 coordinates for a step function profile are given by

2iel
B — _Zi¢ ﬁ-ﬁjma(e—f),
4 T 2
2 2i3
cn == are (9-2),
"~ 4.42
o 2ie ™ .. T ( )
B — -7 A75<9—§> ;
T
—(r 228 . T
e A

which satisfy the reality conditions.

Furthermore we can show that these auxiliary fields in S* are related to
them in a flat space (4.14) by the Weyl transformation and identification
e = —iel*. See appendix B for more details.

4.3 Janus interface in gauge theory

In this section, we introduce the Janus interface in a 4d N’ = 2 gauge theory
by using the construction explained in the previous section. The main tool
is N = 2 supergravity which is reviewed in Appendix A.

A general N' = 2 supersymmetric gauge theory contains a vector multiplet
for a gauge group G and a matter hypermultiplet. We take an appropriate
representation for a hypermultiplet to make the theory superconformal. Since
the Janus interface couples to a hypermultiplet indirectly we mostly focus on
a vector multiplet. We will refer to this point later.

We consider a single gauge factor with a complexified coupling constant

0 4dri
=—+ (4.43)
2T gywm
without loss of generality. The action of a vector multiplet V = (X, Q;, A,,,Y};)
in the flat space is given as

flat _ 4
Ivector - /d I’Tl"

T

1 1,
—— (4D, X DX = e el Y Vi
9vym 2

(4.44)

o) 7 1 v . v [y
—|—2QZ@Q + §FMVFM > _I—IWFMVFM

Y
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where Tr[e] is a normalized inner product of Lie algebra and D,, are covariant

derivatives and F w = %5“1,’” po 15 a dual field strength. For more details on

notations and conventions, see Appendix A.3.
The action of a vector multiplet in S* with a radius r can be obtained by
performing Weyl transformation on the flat space action (4.44),

1 8. 1
—— (4D, X DX+ XX — e Y Yy
IIM r 2

]Vector = /d4ZE \/ETY

Y

e} 7 1 v : v [y
+291$Q +§FMVFH ) +1WFW,F‘“

(4.45)

where /g = /—det(g,,). For this action to be positive semi-difinite, we
demand that

I\* Iij
(Vi) ==Y, (4.46)

as in [38, 39]. Note that this condition is different from the physical reality
condition in Minkowski signature.

Next we explain how to write down this action via supersupace formalism.
The vector multiplet V can be embedded into the chiral multiplet with a Weyl
weight w = 1 which we denote by A(V) as

Al gy = X,
Uil ay =,
Bijlapy =Yij
1 -
Foplao) = B} <Fab - Fab) ; (4.47)

il aqy = —ei; PSY

4\ —
ClA(V) = (—QDMD“ + T‘_z) X .

Then we can obtain the squared chiral multiplet A(V)? via tensor calculus
which is explained in Appendix A.4. By integrating the top components of
A(V)? and its antichiral counterpart, we finally obtain the action

1 _
[vector = % /d4l‘\/§Tl" [TC’A(V)Q - TC|Z(V)2 (448)
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which is equivalent to (4.45).

Now we want to couple the gauge theory to the Janus interface defined
by the coupling multiplet 7. The hypermultiplet does not have a explicit
coupling with 7, so its interaction with the Janus interface enters indirectly
via the coupling with the vector multiplet. Thus we can concentrate on the
vector multiplet. To couple the Janus interface and the vector multiplet we
obtain the product chiral multiplet T.A(V)? from T and A(V)? via tensor
calculus. Then integrating out the top component of A(V)? and its antichiral
counterpart gives the action in the presence of the Janus interface as

1 _
Lyanss = 5— [ d*z/gTr [C [Ty = Clrawye| - (4.49)

Note that if we take 7(x) as a constant function, then this action reduces to
the action in the absence of the Janus interface (4.45).



Chapter 5

SUSY localization and Janus
interface entropy

In this chapter we calculate the sphere partition function in the presence of
the Janus interface via SUSY localization. By combining this result and the
formula (3.42) we show that the entropy of the Janus interface in a 4d N' = 2
SCF'T is proportional to Calabi’s diastasis. We also have a result for the
Janus interface in a 4d N' = 4 super-Yang-Mills (SYM) via the AdS/CFT
correspondence which gives a non-trivial check of our fourmula (3.42).

The organization of this chapter is as follows. In Section 5.1 we review the
main tool for our calculation, SUSY localization. In Section 5.2 we evaluate
the partition function in the presence of the Janus interface by using SUSY
localization. By substituting this result into the formula (3.42), we obtain
the relation between entropy of the Janus interface and Calabi’s diastasis in
Section 5.3. In Section 5.4 we give another calculation via the AdS/CFT
correspondence.

5.1 SUSY Localization

In general to perform a path integral exactly is very hard. However, in some
supersymmetric QFTs we can use a technique called the SUSY localization
to perform a path integral. Let us explain this technique in this section.
Consider a supersymmetric quantum field theory with an action Ijpys.
Assume that the action is invariant under SUSY transformation: 0lpyys = 0.

45
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The partition function is defined by

7 = / [dD]e Tobys ], (5.1)

where we formally denote fields in this theory by ®. Then we deform the
original action as

Z(t) = / [dd]eToiys—tOV (5.2)

where t is a real deformation parameter and 6V is the SUSY variation of a
functional V. We can show that Z(t) does not depend on t. So instead of
evaluating the original path integral Z = Z(0), we can evaluate it in t — oo
limit:

Z(0)=Z(t) = tli%o Z(t). (5.3)
By taking t — oo we can reduce infinite dimensional integrals reduce to finite
dimensional ones. This technique is called the SUSY localization.

Let us explain the result in a 4d N' = 2 gauge theory [39]. SUSY local-
ization reduces a path integral to the discrete sum over saddle points of 6V .
There are smooth saddle points and point-like (anti)instanton configurations
localized at a north pole (x = 0) and a south pole (z = c0). Smooth saddle
points are parametrized by a continuous variable a € Lie GG, while point-like
(anti)instanton configurations are parametrized by two integers k,k. The
resulting integral has the form

Z = /[da] )Zl loop(a)Zinst (OJ7 Q)Zinst(aa 6)7 (54)

where

1nst Cl q Zq Zk 1nst(a Q) ZGEZE(CL)a (55)
k

and ¢ = ¥ G = e72™7. The first factor in (5.4) e~12(%) is an action eval-
uated at a saddle point which we denote as the classical action. The factor
Z1a0op(a) is a contribution from fluctuations around the localization locus.
Note that this factor is determined only by 0V. Finally Z;,¢ are contributions
from instanton/anti-instanton configurations.
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5.2 Janus partition function

In this section we compute the partition function in the presence of the Janus
interface via SUSY localization. The result for the partition function in the
absence of the Janus interface is reviewed in the previous section. Now let
us consider effects by introducing the Janus interface. Since the one-loop
determinant depends only on 0V, it is not affected by introducing the Janus
interface. So we can focus on the classical action and the instanton partition
function.

5.2.1 Classical action

Let us evaluate the classical action in the presence of the Janus interface. We
denote the vector multiplet evaluated on the localization locus by V.. The
values of fields in V, are given by

A|A(VC1) =X ) (56)
2ieX |
Bijlaway = ———— 1T , (5.7)
428 X
O|A(VC1) - r2 ) (58)

where the value of scalar component X is a constant. From this multiplet,
we can compute the squared chiral multiplet A(V4)? via tensor calculus as

Al gz = X2, (5.9)
4ie® X% |
Bijlawayp = —————1" T , (5.10)
12 2P X2
Clagay = ——5— (5.11)

Then we can couple them to the Janus interface as explained in Section 4.3
to evaluate the classical action. The top component of T.A(V4)? is given by

19 28 X2 2ielf X2 g
A (@) | y2om o 2EEPXT L BY  (5.12)
r r
. 12
= X | (o) + V@) a) g0 )| (5:13)

Clraway =
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where
812 16 812

MW () = — _ ) — 5.14
T A 1) R = T LR

Thus the chiral part of the classical action is evaluated as
/d4.%’ \/§C|TA(Vc1)2 = 2’/T2 / dz 1‘3 f4 C’TA(VC1)2 (515)

0

= 3272 X212 7(0) . (5.16)

The important point is that the final result only depends on the value of 7(x)
at a north pole x = 0.
On the other hand, the anti-chiral multiplet from V. is given as

2ie X
By = ————"- 7" (518)
— 4e 28X

By using tensor calculus we obtain
/d4a: VIClran,)e = 32m%e 28 X7y 7(00) . (5.20)

This is again written only by the value of the coupling field 7(z) at a south
pole.

The auxiliary fields in the chiral and anti-chiral multiplet from a same
vector multiplet are given by a same auxiliary field Y as

By=Y. %, BI=Y.79 (5.21)
So by comparing (5.10) and (5.18) we can write X, X as

1 . — 1 .
X = §eﬂﬁa : X = 5615 a, (5.22)

with a real constant a. The normalization for a is chosen to be consistent
with [39].
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Finally the classical action is given by a sum of the chiral term (5.16) and
the antichiral term (5.20) with the relation (5.22):

I(El‘]anus) = —irr*(ry, —7_)Tra*, (5.23)

where 7, := 7(0) and 7_ := 7(00). This classical action in the presence of the

Janus interface can be obtained by analytically continuing moduli parameters
(1,7) = (74+,7—) in the classical action in the absence of the Janus interface:

](Ei]anus) — ]CI(T.A,_,?_) . (524)

5.2.2 Instanton and anti-instanton parition functions

Next we consider the instanton partition function. The instanton/anti-
instanton partition functions in the absence of the Janus interface are given
by (5.5). Remind that they arise from the contribution from instantons lo-
calized at a south and north pole. So an effect by introducing the Janus
interface is to modify the parameters ¢, q to the values of them at each poles:
qg— qy = €™ and § — g_ = e 2™~ So the instanton partition function
in the presence of the Janus interface are given by Zi(a, q:)Zinst(a, G ).
This result is also obtained by analytically continuing (7,7) — (7,,7_) in
the result without the Janus interface similar as the classical action (5.24).

5.2.3 Partition function with the Janus interface

In summary the classical action and the instanton partition functions are
obtained by an analytic continuation (7,7) — (74, 7_) in the results without
the Janus interface, while the one-loop determinant is same as one in the
absence of the Janus interface. Thus the resulting partition function on S*
in the presence of the Janus interface can be obtained by the same analytic
continuation. On the other hand, the partition function of a 4d N' = 2 SCFT
on S* can be written by the Kahler potential on moduli space:

Zgusy[SY] (7, 7) = K (D/12 (5.25)

as explained in Section 2.3.3. So by analytically continuing this expression
we finally obtain the partition function with the Janus interface on S* as

Zsusy[SY] = T2 (5.26)
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5.2.4 Supergravity conterterm and Kahler ambiguity

As explained in Section 2.3.3, different UV regularization schemes cause the
Kahler transformations

K(1,7) = K(1,7) + F(r) + F(7), (5.27)

and they are explained by supergravity counterterms [26, 29] in the absence
of the Janus interface. In this subsection we evaluate the supergravity coun-
terterm which causes Kéhler transformations in the presence of the Janus
interface.

We can put a 4d N' = 2 SCFT on S* by coupling it to an off-shell Poincaré
supergravity. An off-shell Poincaré supergravity can be obtained by gauge
fixing an off-shell conformal supergravity using the so called compensating
vector multiplet. We construct a SUSY invariant supergravity counterterm
from the compensating vector multiplet according to [29]. The compensating
vector multiplet on S* which we denote by V. is given by

. 2ip B

chzue_lﬂ, }/ich:_TM(n'T)ija Qch:Fpch:()? (528)

Nl — B 2 il o

Xy =pe™ Yy, =——=@-7)7, Qh.=F,lh.=0, (529
r

where > 0 is an arbitrary mass scale. This vector multiplet can be em-
bedded into the anti-chiral multiplet ® := A(V.) with Weyl weight one. We
can further construct a chiral multiplet T(log ®) with Weyl weight two from
®. The definition of T(log®) is given in Appendix A.5. In this case its
components are evaluated as

228
Alpgog®) = 2 (5.30)
ie ¥ |
Bij|1r(1og6) = 3 (7 - 7)ij (5.31)
24
C|T(log6) = ?"_4 (532)

Next we compute the chiral multiplet F(7) for an arbitrary holomor-
phic function F(-) via the tensor calculus explained in Appendix A.4. TIts
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components are evaluated as

Alpiy = F(1), (5.33)
dF(r) ire? _ _
Bulri = "5 Ly - (5.34)
8r2e? (A2F(r) 1dF(7)
Clrer = 22 f? ( dz?2  z dz ) ' (5:35)

According to [29] we compute the SUSY invariant counterterm from the
top component of F(7T)T(log®). Note that the components of F(7) are
obtained by replacing 7 with F(7) in those of T given in (4.30). Similarly
the components of T(log ®) are obtained by replacing X? with 26;# in those
of A(Va)? given in (5.9), (5.10), and (5.11). Therefore the top component of
F(T)T(log ®) can be obtained from C|7 4y, given in (5.13) by the same
substitutions:

2 [2 dF(7) d2F(7)
Cl rrymog® = 2 [ﬁ}—(ﬂ +qW(x) BT ¢? () | - (8:30)

Thus the chiral part of SUSY invariant supergravity counterterm is given by

[ €5 VEClrryogm = 647 F(r) (5.37)

Similarly we can compute the anti-chiral counterterm constructed from the
anti-chiral coupling multiplet 7 and the compensating vector multiplet V,:

/d4$ VI ClE@ynaog sy = 647° F(T-) | (5.38)

where the anti-holomorphic F(7) is the complex conjugate of the holomorphic

function F(7) when 7 = 7*. The supergravity conterterm is given by a sum

of (5.37) and (5.38). They give rise to the Kéhler transformations
K(m,72) = K(m4,7-) + F(ry) + F(T-) | (5.39)

in the Janus partition function ZZ;[S?] (5.26).
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5.3 Entropy of Janus interface

By substituting the Janus partition function (5.26) into the formula (3.42),
we finally obtain the entropy of the Janus interface:

1

Sr=-5;

(K(7, 7o)+ K(1_,7_) — K(74,7_) — K(7_,74)] . (5.40)
The linear combination in the bracket is Calabi’s diastasis defined in Intro-
duction. The important point is that this result does not have ambiguity
due to the Kéahler transformations given in (5.27) and (5.39), although the
sphere partition functions given in (5.25) and (5.26) have such ambiguity.

5.4 Holographic example

In this section we focus on a theory with more supersymmetries, a 4d N = 4
super Yang-Mills (SYM) theory. A 4d N =4 SYM theory is conjectured to
be a string theory (or its supergravity limit) on a AdS; x S® background [40].
This correspondence is called the AdS/CFT correspondence or holography.
Although there is no proof for AdS/CFT correspondence, there are many
non-trivial results supporting this mysterious conjecture. This correspon-
dence is considered to still hold in the presence of defects. In this section we
compute an interface entropy and sphere partition function via holography.
It provides a non-trivial check for our formula (3.42).

5.4.1 The Janus solution in supergravity

A 4d N = 4 SYM has 32 supersymmetries and an internal symmetry SO(6)g.
We here use the dual supergravity solution [41] to the Janus interface in the
Janus interface in a 4d N' = 4 SYM. The solution is given by type IIB
supergravity on AdS, x S? x §? x ¥y where Y, is a two-dimensional Rimeann
surface. This solution preserves the SO(1,3) x SO(3) x SO(3) subgroup in
SO(2,3) x SO(6) The metric is given by

ds* = f7 ds’yg, + p° dvdv + [ ds. + f3 dsé: | (5.41)

where dsZ, is the metric of a unit 2-sphere and v = x + iy is a complex
coordinate on a strip with z € R and 0 < y < 7/2. The functions fi, fo, f1, p
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in the above metric are given as

8 2
f§:16F1F2, pSZ%’
we My (5.42)
FW? W2 '
fleﬁh?Tlg,7 f§:16h§F—23,
where
Fi = 2hyho|Ophi|> — RIW (i =1,2) , W = 0,05(h1hs) . (5.43)
The two real functions hy(v,v) and hy(v,v) above are defined as
A
hi(v,7) = —ia; sinh (v — g) +c.c., (5.44)
A
ho(v,7) = ay cosh (v + T(b) + c.c.. (5.45)

By taking x — +oo we recover the dual CFT on the right/left side of the
Janus interface in which we assume to have different couplings g5,,. The
dilaton ¢ in the SUGRA solution takes different values across the interface
corresponding to different couplings in the dual CFT, and they are related
by

Q2

+A4 5.46
| (5.46)

(9$M)2 = 4m

where A¢ is a difference of dilaton values and constants aq, ap are related to
AdS radius L as
L* = 16| a| cosh Ag. (5.47)

5.4.2 Sphere free energy

First let us evaluate the free energy on a four-sphere. The free energy is
defined as the log of a partition function. This quantity in the current setting

is obtained by evaluating corresponding the on-shell supergravity action via
the AdS/CFT correspondence as [42] !

.26 1 82 2
[ — _M\/ d4,’1,"1 /9(4) /dxdy Wh,lh,g 5 (548)
167TGN AdSy

!They evaluated this quantity in another setting.
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where Gy is the Newton constant in ten dimensions and g4 is a four dimen-
sional metric of AdSy. To evaluate this integral, we introduce the coordinates
for AdSy4 in which the metric is given by

1
dstas, = o2\ [dA + sin® Ads3s] (5.49)

with 0 < A < /2. Then by using these coordinates we can write the on-shell
action (5.48) as

AN EIN: cost \

X /Oﬂ/2 dy sin®(2y) /_OO dx (1 + %) : (5.50)

o0

22 3y 78 /2 .3
I 3 Vol(S#)* Vol(S?) L / o5 A
0

This integral is divergent since the AdS space has an infinite volume. So we
have to regularize it. In the absence of an interface we can simply regularize
the off-shell action by using Fefferman-Graham coordinates. However, in the
presence of an interface, it can be difficult to construct Fefferman-Graham
coordinates to cover all of the interface. One way to overcome this difficulty
is to use the single cut-off regularization [43, 44] 2. In this approach we
introduce the hypersuface defined by

fi L

AR (5.51)
with Z := cos A and eliminate the region between this hypersurface and the
boundary of the AdS spacetime. In other words, the range of x is restricted
to the region between z4(Z,y) which are determined by fi(xy,y) = LZ/6
for Z,y fixed, and the range of Z is also restricted from Z, := fy(v = 0)d/L
to 1. We expand x4 (Z,y) in Z/4:

1 zZ?
vy (Z,y) = :i:§ log (| 4 cosh(Ag) 5

~ cos(2y) tanh(Ag) + 2 (5 )2 ) (54> .

g 7 i (5.52)

2 Another approach is to use two Fefferman-Graham coordinates and connect them to
cover all space [31]. They showed that the universal part of an entanglement entropy does
not depend on the detail of the curve connecting two patches. Instead one can introduce
double cut-offs. This scheme was studied for the Janus interface in [44].
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Thus we can expand the integral over x as

7+(2,9) cosh(2x)
de (14 —)
A i
ZQ Z2 62
= log (4 cosh(Ag) ﬁ) + 25 -14+0 <ﬁ) : (5.53)

By substituting this expansion into the on-shell action (5.50), we have

3Vol(S?)2 Vol(S*) L8 [/ Loo1—272
I= 2 Z
mCin /0 dy sin( y)/Z*d

X {log (4 cosh(A¢) ?—j) + 2?—22 +1+0 (g—i)} (5.54)

~ Vol($?)? Vol(S?) L®
N 2"Gy
3 0 4 cosh(Ag) 5 5

where ¢;, (1 = 1,2,3) are constants whose explicit forms are not needed for
our discussion here.

To extract a contribution from the Janus interface, we subtract a free
energy in the absence of the Janus interface which is obtained by setting
A¢ = 0 to have

Vol(S?)? Vol(S?) L®
2"G N
Note that we use the same regularization scheme for calculations of the free
energy with and without the interface. Then we have the universal result,
that is, the result which does not depend on the regularization scheme 3.
The free energy evaluated in the AdS space can be mapped to one in the
dual CF'T. The dictionary between the deference of the value of a dilaton A¢
in the AdS and that of a coupling gyy in the CFT is given in (5.46). Moreover
the relation between the Newton constant and the rank of the gauge theory
is given by

Al =1 —1I|pp—o = log cosh(A¢) . (5.56)

Vol(S?)? Vol(S?) L®
N 26 N2

3Remind that when we define an interface entropy as (3.30) we subtract the vacuum
(i.e. no interface) contribution from the net entanglement entropy.

Gn

(5.57)
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By using these relations, we can translate Al obtained from supergrav-
ity (5.56) into the CFT language as

N2 + =2
Al = log 1+W—*‘{YM) . (5.58)
2 20y M9y

So far we considered the Janus interface across which only a coupling
gym changes its value whereas a theta angle ¥ does not. The result for
the Janus interface changing a theta angle is obtained by acting SL(2,R)
transformations of type IIB supergravity on the previous result as

1

Al = —
24

[K<T+7?+) + K<T—7?—) - K(T-l—a?—) - K(T—a?-ﬁ-)] ) (559)
where K is the Kahler potential given by

K(1,7) = —6N?log[i (7 — 7)] . (5.60)

5.4.3 Entanglement entropy

In this section we compute an entanglement entropy across a spherical en-
tangling surface in the presence of the Janus interface via the AdS/CFT cor-
respondence. This computation was done by using the Fefferman-Graham
regularization in [31] and the single and double cut-off regularization in [44].
We here review the computation using single cut-off regularization [44] and
compare it to the result in the previous subsection.

An entanglement entropy in a CF'T in a holographic setup can be calcu-
lated by the Ryu-Takayanagi (RT) formula [45] 4. The RT formula connects
an entanglement entropy Sy across an entangling surface > in a CFT with
the geometrical quantity in the AdS space, the area of the minimal surface
anchored on the entangling surface ¥ as

Area(vs)

Sy, = min ————=, 5.61
> o> 4G N ( )
where 7y is a surface anchored on Y. So to compute an entanglement entropy

we first write down the area of a surface vs and then minimize it. For

4The formula for a CFT with a boundary was first proposed in [46].
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this purpose, we here move to the Lorentzian signature and introduce the
Poincaré patch for AdS; in which the metric is given by

1
ds?ys, = = [dz* — dt* + dr® 4+ r*d¢?] . (5.62)

In these coordinates, the spherical entangling surface we have considered is
given by

Y={t=0,r=R, z=0}. (5.63)

Then the area of a surface v5 in the coordinates is given by [45, 47]

g — Vol(S2)2 VOI(SI) (/dxdy (fl f2 f4p ) dZ— /1 a T’ 5 64
4Gy

It is specified by the function r(z). Note that r(z) does not depend on (¢, ¢)
because of a spherical symmetry.

Minimizing (5.64) gives the equation of motion. By solving this equation
of motion we have [48]

r=vR?—2z2. (5.65)

Similar as in the previous subsection, the integral (5.64) has divergence
and we need to regularize it. To regulate this divergence due to an infinite
volume of the AdS spacetime we cut it at a hypersurface specified by

fi L

== 5.66

ol (5.66)
Then the integration range for x is restricted to x_(z,y) < =z < z,(z,y).
The values of x4 (z,y) are obtained by replacing (Z, ) with (z,¢) in (5.52).
The z integral is also restricted to z, = f4(0)e/L < z < R. Then evaluating
the regularized minimal area leads to

24w Vol(S?)2 L8 [
S = 24éN) / dy sin®(2y)

o R (R T
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Similar as the calculation of the free energy we extract a contribution from
the Janus interface by subtracting an ambient contribution:

2

N
ST univ = e log cosh(Ag). (5.68)

This again gives the universal part of the entanglement entropy. Note that
this result agrees with the result obtained from another regularization [31].
Thus we show via holography that the minus of the interface entropy (5.68)
is equal to the contribution to the free energy from the interface (5.56). This
is consistent with our formula (3.42) derived from the CFT consideration.



Chapter 6

Conclusion and outlook

In this thesis we study the entropy of the Janus interface in a 4d N’ = 2 SCFT
and show that it can be written by Calabi’s diastasis. The former half of
this thesis is on a general conformal /superconformal interface. We define an
entropy of an interface as its contribution to an entanglement entropy with
a spherical entangling surface. Then we derive the formula (3.42) relating
the interface entropy to the sphere partition function in the presence of a
half-BPS superconformal interface via the CHM map. In the intermediate
step we make the assumption (3.41). We do not have a proof for it, but we
give some evidences:

e [t is natural in terms of the supersymmetric Rényi entropy. See Sec-
tion 3.3.3.

e The results in a holographic example are consistent with the resulting
formula (3.42). See Section 5.4.

e We provide a proof for the similar relation (C.8) in a 2d N' = (2,2)
SCFT by using boundary super-Weyl anomaly [13]. See Appendix C.

The latter half of this thesis we focus on the Janus interface. We give
an off-shell construction of the Janus interface by introducing the coupling
multiplet. We then evaluate the sphere partition function in the presence
of the Janus interface. By combining this result and the formula (3.42) we
show that the Janus interface entropy is given by Calabi’s diastasis.

There are interesting open problems. We list some of them:

29
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e [t is very important and interesting to prove (3.41). One possible way
to achieve this is to use similar argument in 2d by extending the results
for the boundary super-Weyl anomaly [13] to 4d.

e It is interesting to show that the contribution to the conformal anomaly
from an interface indeed vanishes in the right hand side of (3.42). See
Section 3.2.3.

e It can be possible to construct the Janus interface in a theory with other
dimensions and SUSY. It is nice to study its entropy and investigate
whether it can be written as Calabi’s diastasis.

e General properties of Calabi’s diastasis is interesting to study. Can we
use it to investigate the structure of conformal manifold?

e General properties of an interface entropy is also interesting. Can we
confirm whether it is C-function or not? Can we get interesting con-
straints on ICFTs from it?

Ultimately we want to understand general properties and structure of the
space of conformal/quantum field theories. We hope that study of interface
entropies can be a strong tool for this purpose.
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Appendix A

Supersymmetry and
supergravity

A.1 Notations and conventions

Here We mostly use conventions and notations used in [49, 25]. The imag-
inary unit is denoted by i. Complex conjugation is indecated by x while
hermitian conjugation by T.

A.1.1 Signature and coordinate index

We denote coordinates indices on a general manifold as p, v, --- while coor-
dinates indices on a flat space as a, b, - - -. Indices run within 0,1, 2,3 in the
Lorentzian signature, while 1,2, 3,4 in the Euclidean signature. A flat space
metric is given by n® = diag(—1,+1,+1,+1) in the Lorentzian signature
and % = diag(+1, +1, +1,+1) in the Euclidean signature. The vielbein and
its inverse are denoted by e,* and e,* respectively.

A.1.2 Gamma matrix

The gamma matrices v* with a Greek alphabet satisfy

{7} =29"", (A.1)
while the gamma matrices v* with a Latin alphabet satisfy
{2y =2 (A.2)
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We sometimes denote v as ['*. We can take a specific matrix representation
to have more explicit expressions. For example, in the Weyl representation,

~v* are given by
o« (0 o
= (%) (A3)

1 -2 3

1 02,03,1),0% = (0%,0% 0%, —i), and o' (i = 1,2,3) are Pauli

where o# = (o
matrices.
The gamma matrices with Greek and Latin indices are related by vielbein

as

The gamma matrix v is hermitian if ¢ = 0 and anti-hermitian otherwise.
The gamma matrices in the Lorentzian signature and in the Euclidean sig-
nature are related by

,Yazo — _i,Ya:47 (A5)

and the other components are same.
We define the chirality matrix by v. = iv9717273 = Y1727374. By using
the matrix ., we define chiral projection operators as

1 1
PL:§(1+7*) : PR:§(1—7*) . (A.6)

A.1.3 Charge and Weyl conjugation

The charge conjugate matrix C' satisfies
cct=1 OT"=-C, CyC'= —75 : (A.7)

Then the charge conjugation of a four-component spinor ¥ which we denote
as WY is defined by

v¢ = B | (A.8)
where B = iCH". By definition the matrix B satisfies the relation
B~ (y")'B =" (A.9)
We list some properties of the charge conjugation:

(\I/C)C =V, (v-- .%N\II)C =Yy -- .”yuN\IJC, (A.10)
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and o
(Vs - - Yun)" = £, .. .’yﬂNnC ) (A.11)
We denote the Weyl conjugate of ¥ as ¥ which is defined by
v =vlC. (A.12)

Note that this is equivalent to the Dirac conjugate when the spinor satisfies
the certain condition. See Appendix A.2.

A.1.4 SU(2)r multiplets
We denote SU(2)g doublet indices by 7, j,... . We can regard SU(2)g triplet

as a tree-component vector Y. We can construct the 2 x 2 matrix Y;/ from
Y as
where 7/ = i7;7. SU(2)g indices are raised or lowered by anti-symmetric

tensors €/ and ;; which satisfy e'? = g5 = 1 as

7_"1;]' = Eikﬁcj = (7_';3)* = €ik€jl7_"kl . (A14)

By using 7% we can also construct a symmetric matrix Y% from Y as

YU =79.Y (A.15)

A.2 Supersymmetry parameters

The Poincaré SUSY parameters €', ¢; in the Lorentzian signature satisfy
() =¢; . (A.16)

For spinors satisfying the above condition, the Weyl conjugate is equivalent
to the Dirac conjugate:

= (&) . (A.17)
The special conformal SUSY parameters 0, n; satisfy the same condition as
() = (A18)

According to [25], these parameters are chiral in the Lorentzian and Eu-
clidean signature :

EiZPLGi, €; = Pgre; Ui:PRUia ni = Prn; . (A.19)
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A.3 N =2 supermultiplets

In the rest of Appendix A, we assume that the values of the fields in the
Weyl multiplet vanish except for a metric and vielbein. We also assume that
the SUSY parameters satisfy the following conditions [29]:

L1 i 1
n = Z’YMVME , N = Z—l’}/uvuﬂ. (AQO)

Under these assumptions, we give the SUSY transformations of a vector and
chiral multiplet.

A.3.1 Vector multiplet

A vector multiplet has (X,€;, A,,Y;;) as its components. The spinor ;
is left-chiral and its conjugate (); is right-chiral. They are related by
(QHY = Qf" in Minkowski space. We expand fields in terms of hermitian
generators Ty as X = 17 X/, A, = TIAf;, and so on. Then we give the SUSY
transformations for them as [49]

1 .
X! = 5-19{, (A.21)
1 | , - :
6Qf = PX'e; + Z’VWFJV €€ + B Ve + XTXX frile e +2X
(A.22)
I 1 ij = I 1 —i J1
(SAM = 5 £ Gi’}/“Qj + 5 gij € ’VuQ ) <A23)

. 1 ‘ ‘
71— Levepal - e X0 e, (A2
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A.3.2 Chiral multiplet

A chiral multiplet A has (A, V;, By, F,,, A;,C) as its components. Their
SUSY transformations are [50, 49

1 _.
1 -1 .
(5\111 = V(A Gi) + 5 Bij e’ + Z FabFa_b €ij e+ (211) - 4) Anz s (A26)
1 . 1_, 1 g
O0F, = 1 VYo U + ZE’ LAy — 3 (1+w)e" 7, TV, , (A.28)
1

1 . 1 .
(5/11 = _Z_l FabV(Fa_b Ei) — 5 VBZ] €]k €L + 5 CEZ']' 6]

» 1
— (1 +w) By e + 3 (3—w)T™Fn; (A.29)
6C = =V, ("™ A;) + (2w — 4) e 7, A; | (A.30)

where w is the Weyl weight of the multiplet.

An anti-chiral multiplet A has (A, W%, BY, F'* A C) as its components.
The SUSY transformations in Lorentzian signature are obtained by taking
complex/Weyl conjugate of SUSY transformations of a chiral multiplet. The
transformations in Euclidean signature are formally given by the same pro-
cedure.

A.4 Tensor calculus for chiral multiplets

Let us consider two chiral multiplets .4, B whose fermionic components vanish
-’4 = (A|.A7 \II’L|A = Oa Bij|.A7 Fa_b|./47 AZ|A = Oa C|.A) ) (A31)
B = (Als, iz =0, Bijls, Fyls, Ails =0, Cls) . (A.32)

Then we can make the product of these chiral multiplet which is also a chiral
multiplet as [51]

Alas = AlaAl (A.33)
Bijlag = A|la Bijls + Al Bijla (A.34)
Folas = AlaFyls + Als Fpla (A.35)

1 ..
Clap = AlaClp+ Cla Al — 5 " e Bij|a Bulp + Fpla F~*|5 . (A.36)
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By iterating the above product, we obtain the n-th product of a chiral mul-
tiplet as

Alan = (Ala)" (A.37)
Bijlan = n(Al0)"" Bijla, (A.38)
Fylan =n(Al)" " Fyla, (A.39)

n— 1 n— 7 j _
Clar = (AL Cla— 3 nln — 1) (AL [ By | aBula ~ 2 (Fala)’]
(A.40)

We have to apply the above formulae to the coefficients of generators 77 when
fields are in the adjoint representation.

A.5 Definition of T(log @)

In this appendix we give the dgﬁnition of the chiral multiplet T(log ®) made
from an anti-chiral multiplet ® with vanishing fermionic and field strength
components. First, the components of log ® are given by [52]

Z‘log@ = log (Z|6) ’ (A41)
L B |-
BZ]‘log6 - Z|’q>’ (A42)
)
= Cls 1 i K
Clioes = =— + ——=cucji (BY|5) (B"|3) - A43
‘1 g O A|$ 4 (A|5)2 k<jl ( |<1>) ( |<1>> ( )

The chiral multiplet T(anti-chiral multiplet) is the so-called N = 2 kinetic
multiplet [53]. The components of the kinetic multiplet made from log ® are
then given as [52]

A|T(log$) = 6|10g5 ) (A44)
Bij‘ﬂr(log@ = —2<€ike€leCBkl|10g6 , (A.45)
Clrgogm) = 40cBoAlogs » (A.46)

where ¢ is the so-called conformal d’Alembertian.
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A.6 Supercurrent multiplet

The components of the supercurrent multiplet for an Abelian vector multiplet
can be obtained by linearizing the superconformal action (20.89) of [25] in
terms of the Weyl multiplet. They are given by

— 4
THY — Sa(yXaz/)X _4g;w |8pX]2 + g(guua2 _ auau) |X|2

_ _ . <~ 1 e
— (XX + XOX) + Q00 - ¢ P,

1
+2F F — g Fpo P (A.47)

1 ) M _ 2 _
St = —§FPU’YW’Y“&]’QJ —2X0 Q +2X4"9Q; — g’YWaV (X)), (A48)

, . - & .
Ju'y = 20, + 000, j, = —4iX 0,X +107,0;, (A.49)
. =y . . =y .+ . Jr e . =y —
J=—-4XX, §i=4XQ, j,=XF,, J.=XF,. (A.50)
They are equivalent to the supercurrent multiplet written in [54] in terms of
two component notations.






Appendix B

Weyl transformation between
S* and flat space

In this appendix we show that the auxiliary fields in the coupling multiplet
in a flat space and S* are related by a Weyl transformation.

We denote Cartesian coordinates in a flat space by y* while stereographic
coordinates for S* by z#. For this purpose, we introduce the five-dimensional
embedding coordinates Y7 (M =1,--- ,5). They satisfy

SMyP=rr dsii=) (VM) (B.1)

They can be parametrized by x and y-coordinates as

v x! 9(y)
V2 22 '
y3 | = f(z) 23 _ y! : (B.2)
y4 24 f(y) y?
ye g(x) v’
where the function f(-) is defined in (4.22) and g(-) is defined by
1- &
42
Z):=r : B.3
o) = 5:3)

By using these relations, we can relate the delta function in  and y-coordinates
as

(0-3) = 700h) . 8 (0-F) = —qumdh) . (B
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By substituting these relations into (4.14) and (4.42) we obtain the relations
between them as

1 B 1 .

BDlgi = —BD|gs, BM|g = — B, B.5

iy ls = oy Bl o= 7y P le (B:5)
1 _ 1

i=———Cgs, Clss = ——

“=FweC B = g

Note that the function f(y) is the Weyl factor of transformations between the
flat space and S* and the powers of f(y) in the above relations correspond to
the Weyl weights of the auxiliary fields Bi(;), B C) C which are 1, 1,2, 2,
respectively. Thus we have shown that the auxiliary fields in a flat space and
S* are related by the Weyl transformation.

C) Cgs. (B.6)



Appendix C

Boundary super-Weyl anomaly

in 2d N =(2,2) SCFT

In this appendix we give a proof for the similar statement as (3.41) in 2d
N = (2,2) SCFTs by using the boundary super-Weyl anomaly [13].

C.1 Super-Weyl anomaly on closed manifold

First we review the result in [55]. The authors of the paper considered the
supersymmetric version of the Weyl anomaly called the super-Weyl anomaly
in 2d N' = (2,2) SCFTs on a closed Riemann manifold.

The Weyl anomaly is defined by rescaling a metric g,,. Similarly, the
super-Weyl anomaly is defined by varying values of the components in a
graviton multiplet. We take a conformal gauge g,, = €*?d,, and introduce
Cartesian coordinates (x',2%). We then consider the so-called U(1)y super-
gravity in which the graviton multiplet is a twisted chiral multiplet . The
lowest component of ¥ is the combination of a metric g,,, and a gauge field
V*# that couples to the vector-like R-symmetry:

S(y") =o(y") +ialy") + 07X (") + 0 x-(y") + 070" w(y),  (C.1)
where y* = 2% F 050% and 2% = 2! 4+ 22 See Chapter 12 of [56] for
the superfield conventions in 2d N = (2,2) SCFTs. Then the anomalous

dependence of the partition function on the graviton multiplet X for a closed
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manifold M is given by [55]
Aclosed = _162 lOg Z (CQ)
[ / a0 [S(655 +05%) - (05 + ) K (T, 7], (C3)

where 7 is a twisted chiral multiplet whose lowest component is a moduli
parameter 7 and the function K (7,7) is identified with the K&hler potential
on the moduli space. By integrating (C.2), we have

log Z[M] D %/M d%/d‘*e [gzi— (S +X)K(T,T)| . (C.4)

The first term gives the contribution from the usual Weyl anomaly, while the
second term gives the contribution as (2.34).

C.2 Super-Weyl anomaly on open manifold
and hemisphere partition function

The author of the paper [13] extend the result reviewed in the previous section
to the super-Weyl anomaly for 2d N' = (2,2) SCFTs with a supersymmetric
boundary. We here review their results and then prove the similar statement
as (3.41) for 2d N = (2,2) SCFTs by using their result.

The author of the paper [13] showed that the super-Weyl anomaly on a
manifold M with a supersymmetric boundary is given by

Aopen 1= —i0x log Z|M], (C.5)
D 5[L/ @’z (O(c —ia)h® + O(c +ia)h?)
41 M

1 _

+— de(mﬂ - whﬂ)} , (C.6)
47

where dropped moduli independent terms and terms that contain derivatives

of moduli parameters. The function h%(7) is related to the holomorphic

central charge ¢ (7) which gives the hemisphere partition function [57, 58, 59]

as

¢! = exp . (C.7)

We call the anomaly (C.5) as the boundary super-Weyl anomaly.
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Now, we consider the boundary super-Weyl anomaly on a two-dimensional
hemisphere D? and prove that the hemisphere partition function computed in
a conformal scheme Z®CFT)[D?] and in a supersymmetric scheme Z5 o [D?]
are related by

2P (D?) = | 28,5y [D7)] ()

This is a 2d boundary CEFT version of the statement (3.41).
The D? background is given by

o=—log(l+22z), a=0, (C.9)

where z = 2! + iz?2. First we want to evaluate the partition function in a
conformal scheme which instead violates supersymmetry. For this purpose,
we turn off auxiliary fields in a Weyl multiplet: w = w = 0. Then integrat-
ing (C.5) leads to

ZBFD D2 _ 70 e %(hQ(THEQ(?)) | (C.10)

where Z; is a moduli independent factor due to the Weyl anomaly .

On the other hand, if we want to evaluate the partition function in a
SUSY preserving scheme which instead violates the conformal symmetry, we
take the background as

2i
=w= - . C.11
= 1+ 272 ( )
Then the resulting partition function is
Ziusy D) = Zoexp [ (7)] = Zoc™ (7). (C.12)

This is the hemisphere partition function obtained by [57, 58, 59]. Thus
we prove the similar statement as (3.41) in a 2d N = (2,2) SCFT with a
supersymmetric boundary.

1See (2.34) and the footnote 9 in Section 2.3.3.
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