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ABSTRACT OF THE DISSERTATION

Conformal Junctions, Entanglement Entropy, and Holography

by

John David Miller
Doctor of Philosophy in Physics
University of California, Los Angeles, 2019

Professor Michael Gutperle, Chair

We explore interfaces and junctions joining multiple two-dimensional conformal field
theories, with the goal of calculating entanglement entropies in their presence and exploring
their holographic duals. In chapter 1 we start with an overview of the three subjects,
collecting various well-known results and reviewing some foundational works.

In chapter 2 we calculate the holographic entanglement entropy in the presence of a
conformal interface for a geometric configuration in which the entangling region A lies on
one side of the interface. For the supersymmetric Janus solution we find exact agreement
between the holographic and conformal field theory calculation of the entanglement entropy.

In chapter 3 we calculate the entanglement entropy for topological interfaces in rational
conformal field theories for the case where the interface lies at the boundary of the entangling
interval and for the case where it is located in the center of the entangling interval. We
compare the results to each other and also to the left/right entropy of a related boundary
conformal field theory. We also comment on the entanglement entropies for topological
interfaces in Liouville theory.

In chapter 4 we consider entanglement through permeable junctions of N free boson and
free fermion conformal field theories. We constrain the form of the general boundary state

and calculate the replicated partition functions with interface operators inserted, from which
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the entanglement entropy is calculated. We find the functional form of the universal and
constant terms to be similar to the N = 2 case, depending only of the total transmission of
the junction and the unit volume of the zero mode lattice. For N > 2 we see a subleading
divergent term which does not depend on the parameters of the junction. For N = 3 we
consider some specific geometries and discuss various limits.

In chapter 5 we investigate topological interfaces between three-dimensional Abelian
Chern-Simons theories in the context of the AdS;/CFTy correspondence. We show that
it is possible to connect the topological interfaces in the bulk Chern-Simons theory to topo-
logical interfaces in the dual conformal field theory on the boundary. In addition to the
[U(1)]*N Chern-Simons theory on AdSs, we show that it is possible to find boundary counter
terms which lead to the N conserved currents in the dual two-dimensional conformal field

theory.
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Chapter 1

Introduction

In this work we study the joining together of systems that respect conformal symmetry, a
large spacetime symmetry group which only leaves angles invariant. At criticality, confor-
mal symmetry is an almost generic feature of a quantum field theoryf', and thus the study of
general conformal field theories (CFTs) uncovers universal features of a large variety of phys-
ical systems. In particular, we almost exclusively consider two-dimensional systems. Unlike
higher dimensions, conformal symmetry in two dimensions is realized by two copies of the
Virasoro algebra and hence is infinite-dimensional, resulting in a high degree of integrability
in two-dimensional CFTs [6]. As such these systems are often exactly solvable, making it
possible to pursue interesting and highly nontrivial questions. In Euclidean settings there
are many two-dimensional condensed matter systems whose underlying critical CF'Ts have
been identified (e.g. the Ising model [6], the 3-state Potts model [7], and the O(N) model [§]
to name a few), and in Lorentzian settings the dynamic variables of the two-dimensional
worldsheets of string theory are described by CFTs.

More so than fully conformally invariant theories, we are interested in interfaces joining
two CFTs and junctions joining three or more CFTs together, which introduce nontrivial
extensions away from full conformal symmetry. In addition to describing defects in critical

quantum systems, such interfaces also describe domain wall scenarios that arise from sponta-

LFor one of the few examples in which only the additional scaling symmetry is introduced, see [5]



neously broken symmetry. Furthermore, CFT junctions describe physical interfaces between
critical quantum wires [9] and the joining together of open strings [10]. Interfaces can also
reveal interesting features of the homogeneous theory, e.g. certain classes of interfaces have
been shown to generate symmetries of the undeformed theory [11].

A natural quantity to consider in an interface or junction theory is the entanglement
entropy, a standard measure of the entanglement of quantum states in a given region with
quantum states outside that region. Entanglement entropy has become a key quantity of in-
terest in diverse areas of physics: from modern condensed matter treatments where quantum
phases of matter are characterized by their ground state entanglement (e.g. [12]), to quan-
tum gravity where the entanglement entropy whose associated region is the space outside a
black hole horizon represents the entropy seen by observers in that region [13}|14]. With the
presence of a permeable division between two theories, the choice of entangling region gains
significance and the associated entropy contains more information than in the homogeneous
theory.

Calculations of entanglement entropy invite comparison with dual results via the holo-
graphic principle, which states that the information in certain bulk theories is contained
in dual theories living on the boundary of the bulk region. For CFTs we can make use of
the AdS/CFT correspondence, which relates quantities in gravitational theories in (asymp-
totically) Anti-de Sitter spacetimes of dimension d with those of (d — 1)-dimensional CFTs
located on the asymptotic boundaries of those spacetimes. In AdS holography there exists
a standard procedure by which the entanglement entropy of a boundary region can be com-
puted from the bulk metric [15], and the focus of much recent work has been to show that
information about the bulk geometry can likewise be extracted from the boundary entangle-
ment entropy [16-18]. Interface theories are particularly interesting within the holographic
context not only due to the significant deformation away from well-studied dual systems
they produce, but also due to the unclear bulk interpretation of such interfaces.

The structure of this introduction is as follows: in section [I.1] we review the construction



of conformal interfaces, mostly following [19,20]. In section we outline methods to
compute the entanglement entropy within a CFT and summarize the entropy calculations
of [21,22] which we will reference and extend in later chapters. In section [1.3| we review two
gravitational theories known to be dual to interface conformal field theories — which we will
use in chapter [2| — as well as review holographic aspects of a well-known gauge field theory

in AdS; that we explore further in chapter [f

1.1 Conformal interfaces

Here we review the general properties and construction of conformally invariant interfaces
in two-dimensional CFTs, and give explicit constructions for interfaces in free boson and
free fermion theories. As inserting a line division in the plane is sure to break the full
Virasoro ® Virasoro conformal algebra in most cases, by a conformally invariant interface we
mean one which preserves at least one Virasoro algebra. If one considers the interface to be

located at y = 0 in R?, then the condition

[T (z) — T-l-(x)]yzo = T2 (2) — T-Q-(x)]yzo, r€R (1.1.1)

will ensure this property, where in the above the left- and right-hand sides contain the
stress tensor components of the two theories CFT; and CFTy the interface lies between,
respectively. This is due to the fact that transformations which leave the line y = 0 invariant
are generated by this combination of stress tensor components.

Our starting point is then an operator I; ; located at the interface that satisfies

(L; - Z_—Jl_n) [172 - 1172 (L2 - EQ_n) (112)

n

for n > 0, where L! and L! with i = 1,2 are the Virasoro generators of CFT; and CFT,.

Finding operators that satisfy (1.1.2)) can be mapped to finding conformal boundary states
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Figure 1.1: Tllustration of the parity transformation relating the interface between CFT; and CFTy
to the tensor product CFT; ® CFTy with boundary.

satisfying
(L:lotal . [_,t_o;fbal) IBY) =0 (1.1.3)

by use of a parity transformation. This is the content of the folding trick [19], which is
illustrated in figure [1.1} The folded picture is useful for characterizing classes of interfaces
and some simple calculations; as a relevant example, in [23] it was shown that the reflection
and transmission coefficients for interfaces between CFTs with the same central charge ¢ are

found from

OILAT + I3 (OILI3+ I3IAB))

R= o)) ¢ (0]B))

(1.1.4)

For calculations such as that of the entanglement entropy the boundary states need to be
unfolded once they are found.
For general CFTs, the boundary states satisfying (1.1.3) are often difficult to find. If

boundary states of the individual CFTs are known, we could take

1B)) = [B1)) ® |By)) (1.1.5)



where |B;)) is a boundary state of CFT; and |Bs)) is a boundary state of CET,. For such
a boundary state the corresponding interface has both sides of vanish, and thus the
two CFTs decouple. When ca1 < 1 the folded CFT is rational, and for a finite number
of primary fields all solutions to have been found [24] and organized into modular
invariant boundary states via the Cardy construction [25]. However, since we are considering
a tensor product CFT in the folded picture, the resulting folded CFT almost always has
¢ > 1 and hence is not rational. If one imposes additional conditions such as preservation
of a current algebra or permutation symmetry, more general constructions of boundary
states and interfaces are possible [26-28|. Another possibility is given by strengthening the
conditions to boundary states satisfying

(L, —L%,)|B)) =0 and (L, —-L',)|B))=0 (1.1.6)

separately; i.e.

[T..(z) = T2 (2)]y=0 =0,  [T%:(2) — T(2)]y—0 =0, z€R (1.1.7)

zz

This leads to so-called topological defects or interfaces [20}29,30]. The conditions
allow for solutions to be constructed in wider classes of CFT's; in chapter |3| we will work with
such interfaces and explain their properties in more detail. When considering free fields, as
in the next section and chapter [4] the conditions can be written in terms of the creation and
annihilation operators and can be solved by a coherent state anzatz.

We will now show how this works for free bosonic interfaces (see appendix |Al for our
CFT conventions). Under the replacement a’, — S;; @, for a 2 x 2 matrix S, the operator
combinations in the generators L!, are altered as

cal_al i — Sij Sik a _ak (1.1.8)

n—m m—-n——m



Considering summation over the index ¢ in the above and the form of the generators (A.1.8)),
it is seen that Li°tal — [l if § is an orthogonal matrix. Thus, the conformal condition

(1.1.3) simplifies to

for S an element of O(2). This condition can also be constructed explicitly for free fields
by requiring continuity of the stress tensor at the location of the interface [19]. These new

conditions (|1.1.9) can be solved by a coherent state anzatz
15)) =gﬁexp L, ai,a |€2) (1.1.10)
st n ] =n"—n

The form of describes a D-brane in the boundary state formalism (see [31}132] for
review), and this correspondence is used to find and classify all the possible boundary states
for the two scalar model. The D-brane interpretation also gives us physical meaning for the
normalization, the so-called g-factor, and the ground state [€2) in (1.1.10]).

The one-dimensional special case of emits the unit scalar choices S = 1, which

correspond to the two possible D-brane states for a single compact scalar

= a OOex la a N e WNwo/R
ID0)) = \/—H p(n —n _n) > [N, 0) (1.1.11)

20/ i N
L o/ 1 1 = . iM@o
D) =/ 5\ 5 [Texp (——aman) > e j0.M) (1.1.12)
n=1 M=—oc0

respectively, where the DO-brane enforces a Dirichlet condition at the boundary and the
D1-brane enforces a Neumann condition at the boundary. The constants ¢y and @, are
the position and dual Wilson line moduli of the D-brane. For an interface between two
¢ =1 CFTs the D-brane states of the two scalar model are needed. These were constructed

in [20] using rotations and T-duality transformations on the tensor products of ((1.1.11]) and
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Figure 1.2: On the right: A D1-brane wrapping the bosonic 2-torus continued into the compactifi-

cation lattice so as to show the lattice intercept at (k1 R1, koR2). On the left: A D1-brane wrapping

the bosonic 2-torus (corresponding to the parameters k; = 2 and ko = 3) shown in the unit cell of

the compactification lattice.

(1.1.12]). The first class of states are the rotations of

ID1,0)) = [D1)) ® [DO)) (1.1.13)

by an arbitrary angle in the compactification lattice parametrized by two integers k; and ko

ko Ry
tand = 1.1.14
an o ( )
as shown in figure [1.2] The explicit boundary state is given by
kKIR? + k3R3 = ,
D1 = 77 Q 1.1.1
D180 ) = [ 7 TLewp (1,00, ) 19) (1115
where
cosf siné -1 0 cosf) —sinf —cos20 —sin26
S(0) = = (1.1.16)
—sinf cosf 0 1 sinf cos6 —sin26  cos 26
and
Q)= Y N TMIN kM) @ | — ki N, kM) (1.1.17)
N,M=—



The other class of states, corresponding to bound states between ky D2-branes and k; DO-

branes, is obtained from ([1.1.15) through a T-duality transformation (A.1.12)) of ¢;. Explic-

itly, the state is given by

2o/ + K2R2R? 15 1 .
|koD2/k;DO)) —\/ 1 20/R12Rgl 2 [ exp (; Si;(6") aznaf_n) 1) (1.1.18)
where
-1 0 cos 20’ —sin 26’
S'(0") = S(¢) = (1.1.19)
0 1 sin 20’  cos 20’
with “angle”
tan ¢’ = kzlfj? (1.1.20)

obtained from the replacement Ry — o//R; in ({1.1.14]), and

)= > NN M kN ® | — kN, kM) (1.1.21)

N,M=—cx
obtained from the replacement ny <> w; in ((1.1.17). As it will be of interest later, we note
that from (1.1.4]) the transmission coefficient for the interface corresponding to the D1-brane

boundary state is

T = sin” 20 (1.1.22)

with 8 — 6’ for the D2/D0-brane boundary state. The normalization factors appearing in
the boundary states are determined by Cardy’s condition, which we will explain for a general
bosonic D-brane state in chapter [

Owing to their much less complicated zero mode structure, the boundary states corre-
sponding to interfaces between free fermion CFTs have a simpler construction and can be

expressed entirely in terms of arbitrary O(2) elements. The fermionic analog to (1.1.9) is

(¥ +iS97,) |B)) =0 (1.1.23)



In contrast to ((1.1.11]) and ((1.1.12)) the single fermion has the four possible boundary states

€))ns = H exp (ie@b—n@;—n) 0) (1.1.24)
)R = 2711 H exp (tev_pth_p) |€) (1.1.25)

corresponding to € = £1 and the different modings in the Neveu-Schwarz (NS) and Ramond
sectors. Each of these boundary states are normalized via Cardy’s condition as in the bosonic
case. In [26] the various fermionic boundary states were found; for the Neveu-Schwarz sector

we have

1Shns = [ exp (iSyv',¢7.,) [0)]0) (1.1.26)

nGN—2

and for the Ramond sector
ISR = V2 T!_[lexp (ZSUW_nZE],n) (COS% |+)|+) + Sin% |—>|—>) (1.1.27)

where ¢ is the angle of rotation for the pure rotation part of S; i.e. after writing S as a
rotation composed with an elementary reflection. If S is taken to be of the form or
then this angle is 6 or €', respectively. As the construction generalizes straightfor-
wardly to larger tensor product fermion theories we will not review their explicit construction.

1.2 Entanglement entropy

The entanglement entropy of a region A is defined to be the von Neumann entropy

SA:TI_A[pAIngA] (121)

associated with the reduced density matrix p4 of that region. This reduced density matrix

is a mixed state density matrix obtained by integrating out the degrees of freedom in the



complement A€ from the total system in a pure state

pa = Tr[|0)(¥]] (1.2.2)

and thus encodes the entangling of the degrees of freedom outside A with those inside A.
In this work we will only consider the entanglement entropy of the vacuum state |¥) = |0).
It is generally difficult to calculate directly; often it is easier to compute the Renyi
entropies

SK o Tra[ph] (1.2.3)
and evaluate the entanglement entropy as a specific limit

0
SA = _G_K TI"A [pﬁ} ’K:l (1.2.4)

A particularly attractive feature of the power form of (1.2.3)) is that it can be interpreted as

a partition function Z(K) of a K-times copy of the original theory
S=(1-0k)log Z(K)|,_, (1.2.5)

This method is known as the replica trick, has been used to calculate entanglement entropy
in a wide variety of theories (see e.g. the seminal work of Calabrese and Cardy [33]).

In higher dimensions and with less symmetry, replica calculations can be quite compli-
cated; however, in two-dimensional CFTs the power of conformal transformations in the
plane allow for a geometric version of the replica trick, which was first formulated in [34].
The method involves mapping the theory on a K-sheeted Riemann surface to a torus, so

that (1.2.5) becomes
Z(K) = Te[(eH)K] = g1z T [gho+Eo] (1.2.6)

K

where 7 = i27r and % = log %, with L the length of the entangling region and € a geometric

10



cutoff at the edges of the entangling region to regulate the short-distance entanglement.

After a modular transformation 7 — —%, we now have that 7 o % which allows us to write

(1.2.5)) directly in terms of the original partition function

S, = (1 +1loggq )log Z(1) (1.2.7)

0
dlogq

If the vacuum of the CFT is non-degenerate, then the trace in the partition function has the

expansion

Tr[ghotlo] =1+ (1.2.8)

where the dots indicate higher (positive) powers of ¢q. Keeping only the terms which are

non-vanishing as the cutoff is removed, we obtain

c L
Snglng

(1.2.9)
The prefactor of logarithmically divergence is universal and only depends on the central
charge of the CFT. When the vacuum is degenerate the normalization in the expansion ([1.2.8])
is changed by introducing factors which have K-dependence other than §K, introducing

additional subleading terms

L
S, = glog?—kc (1.2.10)

where the prefactors in C are in general dependent on the UV cutoff and thus are not
physical.

For a CFT with a boundary or interface, however, the subleading term C becomes phys-
ically meaningful [33]35]. To see why, consider the entropy for an entangling region which
is chosen to be an interval lying symmetrically across the interface. Since the removal of
the UV cutoff is equivalent to the limit of infinite interval length, the universal term should
be the same as as the endpoints of the interval where entanglement is strongest are

symmetrically positioned far away from the location of the interface. Thus the entanglement

11



entropy has the same form as ({1.2.10))

L
Seymm = glog “ (1.2.11)

where now the subleading term C’ is a function of the parameters of the interface Z. By
considering the relative entropy between a given CFT with an interface and without, one
can extract physical information about the ground state degeneracy of the interface theory.
This difference turns out to be a constant and is called the boundary entropy, which was first
introduced in [36]. Often this symmetric entanglement entropy is written to only include

physical terms, the precise form being
L
Seymm = glog — +logygg (1.2.12)
€

where the so-called g-factor is the vacuum overlap with the boundary state describing the

interface in the folded picture [37,38]
g = (0|B)) (1.2.13)

There is another choice of entangling region that we can distinguish from the symmetric
interval. We can instead locate the interface at the boundary of the region A and enlarge
A to cover the whole of one of the two CFTs in the limit as L becomes very large, so that
the end-point of the interval is fixed to the location of the interface. As the short distance
entanglement occurs precisely at the location of the interface, the universal term should now

depend on the parameters of the interface
c L -
Sasymm = 5 f(I) log z + C(I) (1214)

We call this the asymmetric entanglement entropy, though sometimes in the literature this

12



is simply referred to as the entanglement entropy at the interface. The function f(Z) varies
depending on the CFT; however, in general f(Z) must obey some limits. For an interface
that completely decouples the two CFTs it must be the case that f(Z) = 0, while for an
interface that is completely transmissive (i.e. topological interfaces) it must be the case that
f(Z) = 1/2. The reason that f(Z) = 1/2 instead of 1 has to do with the fact that we are
now considering an semi-infinite entangling interval with only one end-point, and thus should
have half the entropy of the two end-point case in . The subleading term C(Z) is in
general different from the one in (1.2.11]).

As the asymmetric entanglement entropy depends strongly on the details of the interface,
it is generally more difficult to calculate than the symmetric entanglement entropy and
therefore is only known in a few cases. Much of this work is focused on calculations of this
type of entanglement entropy, and thus we’ll now devote some attention to the early work

in this area.

1.2.1 Asymmetric intervals in free field theories

Here we review the asymmetric entanglement entropy calculations of [21] and [22] for inter-
faces between free boson and free fermion CFTs. We choose to first highlight the bosonic
calculation as it will be the one most readily generalizable to the junction calculations of
chapter [} In section the starting point for characterizing an interface was to consider
the corresponding boundary state in the folded picture. Once the boundary state is obtained
the folded CFT must then be unfolded to produce the interface operator satisfying
that is needed for the calculation.

The bosonic boundary states in and are unfolded into operators via what

is essentially a parity transformation on the quantities of one of the CFTs |20]

In,w) — (—n,w|, a_p, — —a,, a_, — —ay, (1.2.15)
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Choosing to unfold s for the state (1.1.15]) produces the interface operator

= 1
Lio=Gip H exp { - [S11(0) a — S12(0) a4z — Sy (0) ajal, + Sxn(f)aal | }
n=1
(1.2.16)
where the ground state operator is given by
k2R2 + kQRQ = zNozfiM,B
Gia= TR Z \ka N, ky M) (ky N, ko M| (1.2.17)

The expression for the interface operator in ((1.2.16) is a formal one, as the negatively-moded
oscillators must be placed on the left side of the ground state operator after the full expansion
of the exponential. An explicit expression for the interface operator can be obtained by a

linearization of the exponential as in (4.1.4]), one such choice being

[ee) 2 92—
1172 — I I /d an Zn e_zn'ine_%znlal,n_(sllznl_521277,2)alfn
s

% G1,2 H e*%ZnQa%*(5222n2*5122n1)U«% (1.2.18)

n=1

With expressions for the interface operator like the above the entanglement entropy can
be calculated through the geometric replica trick of [34], which is illustrated in figure |1.3]
The entanglement entropy is calculated as the usual limit of Renyi entropies of the reduced
density matrix

0

__ 9 K
S = 5K Tri[p'] o (1.2.19)

The trace of the K-th power of the reduced density matrix is re-written as a partition
function on a K-sheeted Riemann surface R whose branch cut runs along a time-slice of
CFT;. Cutting off the w-plane outside the annulus € < |w| < L, the mapping z = log w maps
this K-sheeted region into a rectangular region in the z-plane with Im z = 0 and Im z = 27 K
identified. For ease of calculation we further identify Re z = loge and Re z = log L so that

the replicated partition function becomes the torus partition function with 2K interfaces

14
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Figure 1.3: The logarithmic map z = log w maps the K-sheeted Riemann surface — a single branch
of which is shown on the left — to the geometry on the right. The circles on the left part of the
figure correspond to an UV cutoff located at |w| = ¢ and an IR cutoff located at |w| = L, with
their image under the mapping forming the negative and positive real boundaries of the geometry
on the right. This figure was adapted from [22].

inserted

Z(K) =T [(11,2 qH211T,2 QHI)K] (1.2.20)

for ¢ = e7?™ with t = m/log(L/e) after a rescaling of the z-plane (see [21] for more details).
Combined with explicit interface operator expressions like , the operator expression
in can be used to calculate the exact form of the replicated partition function.
Calculating the commutation of the various operators between the ground state operators
of successive interfaces, the partition function ((1.2.20]) is written as a 2K-(complex) dimen-
sional Gaussian integral. Thus the final evaluation of Z(K) is performed through calculation

of a determinant and re-expressed in terms of modular functions

. . K-1
UK Tl s P itKk3a/ it Kk?R? K3 . ,
where
sin v, = | sin 20] sin % (1.2.22)
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The remaining product in the partition function is analytically continued in K, which is

reviewed in appendix [4.A.3] so that from (I1.2.5)) the entanglement entropy is
1 , L
S = 50(|sm20|)10g— — log |k1ks| (1.2.23)
€

with the function o(s) in (4.A.49). The function o(s) increases monotonically from o(0) = 0
to (1) = 1/3, matching the behavior of the universal term expected of the entanglement
entropy of a semi-infinite interval in a ¢ = 1 CFT as discussed at the beginning of this
section.

The entanglement entropy of the fermionic interface follows the same general procedure as
the bosonic interface calculation, i.e. inserting the unfolded interface operators into

in order to calculate (1.2.5). The fermionic boundary states of (|1.1.26) and ([1.1.27]) are

unfolded into operators via the transformation [20]
0) — (O], [0 — (el, ¥n — =i, 0 — W, (1.2.24)

For the fermionic interfaces the explicit expansion of the quadratic operator exponential
is considerably simpler than in the bosonic interfaces due to the fact that for each fixed
mode n the Hilbert space H,, of the corresponding fermionic oscillator is 4-dimensional (as
opposed to the infinite-dimensional situation for the bosonic oscillators). As such, the matrix

representation on the ordered basis {1_,[0),¥_,|0), 1_,_,[0),]0)} is

Ly = {H I{ﬁz} 7, (1.2.25)
n>0
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where

Si2 0 0 0

. 0 S 0 0
I, = (1.2.26)
0 0 —det S —’iSH

0 0 —iSy 1

The partition function is then calculated in terms of the four eigenvalues A;,, of the block
matrix

I, Py (17, Pr (1.2.27)

where matrix representations of the propagators are

@ 0 0 0

0 0
P

(1.2.28)

0 ¢
0 0 ¢ 0
0 0 0 1

Explicitly for the NS interface, the partition function in terms of the eigenvalues can be

re-expressed in terms of modular functions

05(2it) Yo
Z(K)= ] (M5 + A5 + A5, + A% ): . Z)KHG;), (vi,|2it) (1.2.29)
nGNf% 2Zt k=1
by utilizing the algebraic identityﬂ
ol 2k
H {xz — 21y cos (9 + 7) + y2} = 22K — 2259 cos (K0) + 32X (1.2.30)
k=1

The analytic continuation in K is similar to the bosonic case, and the entanglement entropy

2From the form of ((1.2.30) it appears that the final equality in (1.2.29) is only valid for odd values of K.
In [22] it was shown that this suffices for calculating the entanglement entropy. Interestingly enough, we will
later show in section that the expression is valid for even K as well.
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for both the NS and Ramond interfaces is

11 L
325 [5\/1—551—0(\/1—5121)} log? (1.2.31)

with the universal term satisfying the same limiting behavior as ([1.2.23)) for a ¢ = 1/2 CFT.
For reasons that will be discussed more generally in section 4.2.3] the entanglement
entropy of a supersymmetry-preserving conformal interface between two free field theories

can be calculated from the boundary state

|1S))super = [5))bos @ |S)) ferm (1.2.32)

where |S))1os is one of the boundary states ((1.1.15)) or (1.1.18), and |S))serm is either of the

boundary states ([1.1.26]) or (1.1.27)) with the same matrix S as |S))pes. Using this boundary

state, the prefactor in the entanglement entropy becomes
1 L
Souper = 7 s1og — — log [k k| (1.2.33)
€

where s is either sin 260 or sin 20’. Note the simplified form of the universal prefactor in the
above, which is a result of the high degree of cancellation between the bosonic and fermionic

oscillator contributions to the entropy. All three prefactors discussed in this section are

plotted in figure [1.4]

1.3 Holography

Here we discuss the AdS/CFT correspondence and review some well-known bulk theories
that will be of later interest. The foundational example of the AdS/CFT correspondence
is the duality between type IIB string theory on AdSs; x S° and N' = 4 SU(N) Super-
Yang-Mills theory in four dimensions [39-41]. The large N, large 't Hooft coupling limit of

the field theory is dual to type IIB supergravity, the low energy limit of the string theory.

18



&)
0.5f

04r
0.3¢f
0.2

0.1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7'
0.2 0.4 0.6 0.8 1.0

Figure 1.4: Universal prefactors of the entanglement entropy at interfaces between two-dimensional
conformal free field theories. The blue curve is the prefactor for bosonic interfaces , the
yellow curve is the prefactor for fermionic interfaces , and the green curve is the prefactor
for supersymmetric interfaces . Each has been normalized according to and plotted
as a function of the transmission of the interface ([1.1.22)).

More generally, the AdS/CFT correspondence involves an inversion of the coupling constants
between the boundary and bulk theories, with the strongest dualities in the large coupling
regimes of the CFT, resulting in the dual gravity description being weakly coupled with
small curvatures. In this work we will stay within this classical gravity limit.

We now set out to make a rough statement of the AdS/CFT correspondence (see e.g.
[42-44] for more detailed presentations). This is usually given as an equivalence between

partition functions

Zgrav[¢] = ZCFT[O] (131)

For simplicity we’ll consider for the moment a single field ¢ in the bulk and its dual operator
O on the boundary. The connection between ¢ and O is seen by examining the asymptotic
behavior of ¢. If the action governing ¢ is quadratic and non-degenerate, then ¢ has two
independent solutions on the boundary determined by its equation of motion in AdS and
two boundary functions

¢(n,x)_ii—x)+-~~+(zﬁ)+m (1.3.2)

where 7 is a radial coordinate such that n — oo approaches the spacetime boundary and
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x are the d — 1 coordinates of the boundary (we have set the AdS radius to 1). The dots
represent the subleading terms of each solution, whose z-dependence is governed by j(x)
and O(x), respectively. The values of the constants A_ and A, satisfyﬂ A_ < Ay, with the
particular values depending on the mass/spin of ¢ as well as the spacetime dimension. Thus
in order for a well-defined variational principle we must either set j(x) = 0 or else consider
it fixed; i.e. we take as a boundary condition

lim nA*gb(n,x) = j(z) (1.3.3)

n—0o0

for some fixed j(z), so that O(x) is the dynamic part of ¢(n,x) which is sourced by j(z).
We can then re-write (1.3.1) in a more descriptive form

e isgrav[d)cl(n:m) ,j(:E)] — < e ( faAdS dd_lzj(m) O(I)> (134)

where Sgrav[@a (7, ) ; j(2)] is the classical action for the classical field solution ¢q(n, z) sub-
ject to the boundary condition (1.3.3]). From the above we see that the one-point function of

the dual boundary operator can be determined as a variation of bulk boundary conditions

5Sgrav
_ Derav 1.3.5
=0 07 =0 ( )

1 0Zcrr

@) = “5

which is a useful way to identify dual operators without needing to examine solutions to
bulk equations of motion.

Here we have only considered a single field governed by a second-order wave equation.
When we incorporate more fields it is possible for the boundary conditions of one field to
source the dynamic parts of other fields, a fact we will make explicit use of in chapter [5
Additionally, one can consider fields governed by first-order equations, in which case we still

have the basic feature that half of all independent classical solutions must be fixed for a good

3If A_ = A the j(z) solution picks up a logn dependence.
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variational principle to exist. We will defer more discussion of this to section [1.3.2]

Besides linking bulk fields to their dual boundary operators, there exist other entries in
the holographic dictionary mapping observable quantities in the boundary to those in the
bulk. In particular, we will make use of the Ryu-Takayanagi prescription [15], which states
that the entanglement entropy in a CFT can computed holographically via

A[L]

S, =1
AT UGN

(1.3.6)

where A[I'] is the area of the static co-dimension 2 minimal surface in the bulk whose
boundary coincides with the edge of the boundary entangling region, i.e. ' = 0.A. The
motivation behind this prescription comes from noting that when the information in a region
of the boundary becomes inaccessible there must be some horizon in the bulk hiding a part of
the spacetime from bulk observers. The entropy associated with integrating out the degrees
of freedom behind the horizon should then be proportional to the area of the horizon as
given by the Beckenstein-Hawking formula. Selecting the minimal surface as the horizon

then corresponds to assigning the lowest entropy possible for the lost information.

1.3.1 Janus solutions

Janus solutions [45-48] are holographic realizations of conformal interfacesﬂ In particular, we
are interested in solutions which are asymptotically AdS3 x X7 — where X5 is a 7-dimensional
compact manifold — in order to connect with two-dimensional CFT interfaces. Here we review
the basic features of both a non-supersymmetric and a supersymmetric solution, and leave
calculations of entanglement entropy in these solutions to chapter

The Janus solutions we’ll describe are both constructed as fibrations of AdSy x Yg_4 over
a base manifold ¥, (here Y3, is compact and ¥, contains a single non-compact dimension),

thus to better understand the nature of the solutions we’ll first review the AdSs-slicing

4See [49-51] for other approaches to describe interfaces in AdS.
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coordinates of AdS;. As a starting point, consider the standard Poincaré AdS; metric
o 1 2 2 2
ds® = ) (dn® + da® — dt?) (1.3.7)
where the boundary is reached by n — 0. If we make the coordinate transformation

@ = tanh™! (ﬁ) ;2= /0?42 (1.3.8)

the metric ((1.3.7) becomes

dz? — dt?

ds® = dp* + cosh® 1 =

(1.3.9)

from which we see that constant pu slices of the bulk are AdS; geometries. In these coor-
dinates, the boundary of AdS3 consists of three components: two half-spaces reached by
taking p — +o0o and the common boundary of the AdS; slices reached by taking z — 0.
While it may seem that the three conformal boundary components are disconnected this is
an artifact of the coordinate system which can be seen by examining the mapping
(see figure , which shows that the boundary half-spaces © — 400 are glued together at
the interface z = 0.

The non-supersymmetric Janus solution was constructed in [52]. Through dimensional
reduction we can take three-dimensional Einstein gravity with a negative cosmological con-

stant coupled to a massless scalar (e.g. the dilaton field) as a starting point

1 2
S19:9] = fomer / &Bz\/g (R — 0,0 0"+ E—Q) (1.3.10)

The Janus solution solves the equations of motion coming from this action and is given by

dz? — dt2>

ds? = (? (duQ + fl) = (1.3.11)
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Figure 1.5: AdSs slicing in Poincaré coordinates. Curves of constant x4 (blue) and z (red) illustrate
how the spatial boundary coordinate on one side of the boundary interface extends through the
bulk to the opposite side of the boundary interface.

where

Flu) = %(1 + /1292 cosh(2,u)> (1.3.12)

and

d(1) = ¢po — V2 tanh™* <_1 +\/_V2 17_ 27" anh u) (1.3.13)

The solution depends on one parameter 7, and from and we see that v = 0
corresponds to pure AdSs;. The holographic solution corresponds to an interface connecting
two half-spaces which are reached on the boundary of the spacetime by taking pu — 4oo.
The massless scalar ¢ takes two asymptotic values in this limit and as shown in [53] the

jump in ¢ can be identified with the jump in the radius of the free boson

I —¢)2 —14+ /1 =242
Ry _ My s400 € — exp {\/5 tanh ™! ( + i )} (1.3.14)

Ry lim,, o e 9?2 V2
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or

1
=7 tanh (\/5 log %) (1.3.15)

where Rj is taken to be the smaller of the two radii.

The supersymmetric Janus solution of type IIB which is locally asymptotic to AdSs x
S3 x My, where M, is either Ty or K3, was constructed in [54] (see [55,[56] for some earlier
work in this direction and [57,5§| for generalizations). The ten-dimensional Janus metric is

constructed as a fibration of AdSs x S? x M, over a two-dimensional Riemann surface ¥
ds* = fids% s, + f3ds%e + fidsh,, + p*dwdw (1.3.16)

All fields depend on the coordinates w,w of the surface Y. For the supersymmetric Janus

solution we choose ¥ as an infinite strip as follows
w=x + iy, x € [—o0, 00|, y € [0,7] (1.3.17)

The boundaries of the strip are located at y = 0, 7. Asymptotically the real coordinate on
the strip joins the coordinates of the AdS, factor to form an AdS; factor (and hence is the
analog of the fibered coordinate p in the non-supersymmetric solution), while the imaginary
coordinate on the strip asymptotically becomes the polar angle of an S® factor containing
the S? factor. The supersymmetric Janus solution depends on four parameters k, ¢, 6 and

1. The dilaton and axion are given, respectively, by

_ cosh?(z + ¢) sech®y + (cosh®§ — sech®y)) sin®y
( cosh x — cosy tanh 6) 2

k? sinh 20 sinh  — 2 tanh 1) cos y
2 cosh z cosh # — cosysinh 6

=20

(1.3.18)

X = (1.3.19)
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The metric factors on ¥ and M, are

4 g [? cosh?xcosh®f — cos® y sinh® §
— _—
P k2 cosh?(x + 1))
_¢ 4 coshxcoshf — cosysinhf

osh® ¢

fs=ce (1.3.20)

k2 cosh z cosh 6 + cos ysinh 6
The following expressions for the AdS, and S? metric factors will be useful

fi _ cosh’(z +v)

F ~ cosh? 6 cosh? 1

1 cosh? 6 cosh® ¢ — 1
f_22 ~ sin?y * cosh? (x + 1/))

(1.3.21)

While the form of the anti-symmetric tensor fields is not essential, we quote from [54] the

expressions for the D1 and D5 brane charges

Qps = 412kl Vol(M,) cosh 1) cosh 6
16724

QRp1 = cosh 1 cosh 6 (1.3.22)

The dual CFT is a N = (4,4) SCFT which, at a particular point of its moduli space, is a

(M,)901@ps /S, o orbifold. The central charge ¢ of this CFT takes the following form

2 73 Vol(My) ¢?
. Qp1Qps = 5 xS \2/0( ) cosh?® v cosh? § (1.3.23)

C =
2
Ak, Ko

1.3.2 Chern-Simons theories

Topological field theories have a wide use in condensed matter, high energy and mathematical
physics, with one of the best-studied examples being three-dimensional Chern-Simons (CS)
theory [59]. In the context of the AdS3;/CFTy correspondence, Abelian CS theory is entirely
responsible for the introduction of objects in the CFT which are charged under global U(1)

currents. Additionally, CS fields have a natural origin from compactifications of type II
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string theory or M-theory (see e.g. |[60]). In the presence of Maxwell kinetic terms the gauge
fields decompose into massive gauge fields and a flat topological sector [61], and since our
interest with CS theory in this work is to answer topological questions we do not take the
Maxwell terms into account. For discussion of Maxwell-Chern-Simons theories in the context
of AdS/CFT see e.g. [62-64].

Consider a theory of N Abelian gauge fields A’,I = 1,2,..., N on a 3-manifold M, all

with period 27 and with action given by
K
Scs = l/ AT A dAY (1.3.24)
47 M

where K ; is a symmetric matrix called the level matrix. Following [65], we note that the level
matrix K has to be integer-valued and even for the theory to be well-defined on topologically
nontrivial surfaces under large gauge transformations. The CS theory is a topological field

theory as the action is independent of a metric on M. The equations of motion following

from ([1.3.24)) force the connections A’ to be flat
Ki;dA? =0, I=1,2,...,N (1.3.25)

and hence there are no local propagating degrees of freedom. The only global gauge invariant
observables are Wilson lines; however, for three-dimensional manifolds with boundary there
can be nontrivial dynamical fields on the boundary relating three-dimensional CS theory to
two-dimensional CFTs [59].

There are several uses for three-dimensional CS theory in AdS;/CFT,. First, there is
the reformulation of three-dimensional gravity in AdSs in terms of an SL(2,R) x SL(2,R)
CS theory [66,67] and the subsequent formulation of higher spin gravity as a CS theory (see
e.g. [68,(69]). Here we will consider a different setup, namely the addition of Abelian CS
matter to Einstein gravity.

Consider an asymptotically AdSs spacetime in Fefferman-Graham form, with the AdSs
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boundary located at n = 400
ds* = dn* + eQTnggg dx®da” + gfﬁ) dx®da” + 0[6_27”] (1.3.26)

In the gauge A,II = 0 the asymptotic form of a gauge field for a general action, including

Maxwell or higher derivative terms, is given by

2n

_2 _3n
Al = Alpate TAL ., + 0l 7] (1.3.27)
where A{o) is flat and only determined through the CS part of the action. As the equation
of motion (|1.3.25)) is first-order, a good variational principle allows us to hold fixed only one
boundary component of A{o) .- However, the CS action is then not stationary due to the

appearance of a boundary term in the variation. The standard resolution (see e.g. [60]) is to

add a counter term to the action (|1.3.24))

1
Scr = 3 KIJ/CZQZ —g© 9(0)’a'8A(10),aA{()),5 (1.3.28)

(0)

With the addition of this counter term and a flat boundary metric g,5 = 7as, the variation

of the action becomes
1
0Siotal = 0(Scs + Scr) = 5 K / d*z AL§ AL (1.3.29)
T

Hence we can identify A; with the source and the dual current is purely holomorphic

o (sstotal o 1 J
= SAl 3 KryA? (1.3.30)

JI,Z
The holomorphic stress tensor can be obtained from ((1.3.28)) and takes the following form

T,, = gK”JI,ZJJ,Z (1.3.31)
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where K7 is the inverse of the matrix K;;. If we instead wish to source anti-holomorphic

currents, we then subtract the counter term (|1.3.28]). In this case we can identify A, with

the source, so that the dual current is purely anti-holomorphic

and the anti-holomorphic stress tensor takes the form

Tzz = —g KIJJI,EJJ,Z

28

(1.3.32)

(1.3.33)



Chapter 2

Entanglement Entropy at Holographic

Interfaces

As the Janus solutions reviewed in section are dual to conformal interfaces, it is natural
to use the Ryu-Takayanagi prescription to calculate entanglement entropy for these
solutions and compare the results to CFT calculations. For the symmetric entangling surface
this was done in [35] using the non-supersymmetric Janus solution in three dimensions and
in [53] using the supersymmetric Janus solution in six dimensions. In both cases the minimal
surfaces were found to wrap all dimensions other than the spatial coordinate of the AdSs
factor; i.e. the surfaces were described by z = L/2 (red curves in figure , as they would
be in undeformed AdSj. After suitable regularization, the boundary entropy was calculated

from the minimal surface area to be

c 1
St —log ——= 2.0.1
A Vi 20
for the non-supersymmetric Janus solution, and
Shndy = glog (cosh ) cosh 0) (2.0.2)
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for the supersymmetric Janus solution, where in each we have written the result in terms of
the central charge of the dual CF'T for the sake of comparison.

Our aim in this chapter is to calculate the asymmetric entanglement entropies in these
solutions and compare them with the symmetric results and CFT calculations. In section
[2.1] we consider the non-supersymmetric Janus solution where we identify the asymmetric
minimal surface, compute the entanglement entropy, and compare the results with
and . In section we go through the same calculations with the supersymmetric
Janus solutions and compare the results with and . In section we provide

some discussion of the results and provide some concluding remarks.

2.1 Non-supersymmetric Janus solution

According to the Ryu-Takayanagi prescription the holographic entanglement entropy is de-
termined by finding the area of a minimal surface (at constant time) which at the boundary
of the bulk spacetime coincides with the boundary 0.A of the entangling region A. In this
note we calculate the entanglement entropy for the entangling region on one side of the inter-
face. We give a sketch of this geometry (b) in figure and contrast it with the symmetric
case depicted in (a).

In three dimensions the minimal surface I' at fixed ¢ is a curve and we have to choose
an embedding. As we want the curve to be anchored on the boundary at the location of
the interface the appropriate choice for the embedding is p = u(z) so that we can directly
investigate solutions which are regular as z — 0. For this choice the induced line element

leads to the following action

A[l) = /dZ\/fil;) + (2—5)2 (2.1.1)
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CFTy T CFTo

(b) .
CFT, T CFT,

Figure 2.1: Two different geometries for the entangling region A and interface Z: (a) the entangling

region is placed symmetrically about the interface, (b) the entangling surface is on one side of the
interface. I' is a sketch of the respective minimal surfaces in the bulk.

The minimal area is found by solving the Euler-Lagrange equation which follows from ([2.1.1))

, 1 (0.p)? 2 f(p) (Depu + 202p)
) <?+f<u>+z2<azu>2>‘5 W+ 20 (2.1.2)

Solutions to the Euler-Lagrange equation can explored through the Hamiltonian flow corre-

sponding to the area functional (2.1.1)); i.e. for the canonical conjugate

T, = O (2.1.3)

Hul + (az,u)Q

22

the corresponding Hamilton equations are

S 1=
0.1 = 5\ T (2.1.4)
@M:% %#% (2.1.5)

Due to the common explicit dependence on z in the above, we can directly plot the streams

of the vector field 0,7, in phase space; see figure . There is just one fixed point in the
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Figure 2.2: Extremal surface phase spaces for the non-supersymmetric Janus solution. The
top is purely AdSs (v = 0) and the bottom is near the maximum deformation (y ~ 1/v/2).

phase plane, an unstable saddle at the origin with opening angle

o T3V
14541 —292

which monotonically increases from cos™'(1/3) when v = 0 to 7 as v — 1/+/2. Thus we see
that the only solution for which 0, remains bounded for all z (a necessary condition for
solutions which reach arbitrarily far into the bulk) is u(z) = 0. It is easy to see that this
solution is indeed an absolute minimum for the length, as ; = 0 minimizes the first term
and 0, = 0 minimizes the second term under the square root in the functional .

The holographic entanglement entropy is then given by

14 dz
Shol—M\/f(O)/?
c L
= ——\/14++/1—272log —
/2 Y Oge
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where we have regulated the divergent integral over z and used the Brown-Henneaux relation

_ ¥

€= 3Gy

. In order to compare the functional dependence it is useful to expand the result as

a power series in terms of small ~, for the holographic entanglement entropy one finds

1 D c
Si=(1—--~2— "4+ 0 6)_1
ol ( 4 32 ] 60g

L

€

(2.1.8)

We can compare this to the CFT result for the entanglement entropy ([1.2.23)). We set
k1 = ks = 1 which makes the constant term vanish, and expanding (4.A.49)) around s = 1

gives

—0(3):é—%(1—8)—#(1—5)24‘0[(1_5)3]

where we have used the expansion
s=1— 4 — —4*+ 09 (2.1.10)

which follows from ([1.1.14])) and ([1.3.14]). Using this expansion in the CFT entanglement
entropy ((1.2.23) and restoring a general value for the central charge (i.e. by considering ¢

copies of the single boson) gives

3 11 3 & L
(122 (22 2 ) 61) Z10g = 2.1.11
Scrr = (1= 27 (32+8W2)7 + 00" < log - (2.1.11)

Comparing (2.1.9) and (2.1.11)) shows that the two expressions only agree for v = 0 which

corresponds to the case where no interface is present. This result is to be contrasted with

the result (2.0.1)) of [35], where agreement to order v? was found between the holographic
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Figure 2.3: Comparison of non-supersymmetric entanglement entropy factors arising in holographic
calculations (blue curves) and CFT calculations (yellow curves). On the left the universal prefactors
of the asymmetric entanglement entropy are plotted and on the right the constant term of the
symmetric entanglement entropy are plotted, all against the Janus deformation parameter ~.

entanglement entropy

1
log ——— =

c
Ji-22 6

Shol = (v +"+00) (2.1.12)

and the (2¢/3 times copied) CFT entanglement entropy

Scrr = —glogs = g (72 + 274 + O[ﬂ) (2.1.13)

given by (1.2.11)) and (1.1.15). The results of the holographic and CFT calculations are

plotted in figure for both the symmetric and asymmetric entanglement entropies.

2.2 Supersymmetric Janus solution

In the supersymmetric solution the non-compact coordinate x of ¥ is the along of the co-
ordinate p of the non-supersymmetric solution, thus we will embed this coordinate. We
parametrize the minimal surface for the entanglement entropy by t = tg and = = x(z,y), i.e.

the eight-dimensional surface is spanned by £ = {z,y, ¢1, ¢2} and the four coordinates of



My. The induced metric is then given by

ox* ox”

Yab = 8_5“5_51’9“” (2.2.1)

and the action for the minimal surface is

Al = /dgfs/detv (2.2.2)
= /M4 dV/d¢1 depo sin ¢y /dz dy %fgf:ﬁfp\/ff (14 (0yx)?) + 22p%(0,x)? (2.2.3)

The Euler-Lagrange equation following from ([2.2.2)) is given by

0 =20, (Bl R0+ @)+ 0.0

g 2fsfip® O g fLf3 f3p Oy
N\VEO+ 0,2)) + 20%(0.2)° "\ VIO + (0,2)2) + 20%(0.2)°
(2.2.4)

While it seems formidable to find a solution to (2.2.4), a simple solution can be found by
specializing to surfaces which wrap the y coordinate. Using the expression for the dual

central charge (|1.3.23]), we note that the action can be written as

All'l = %io dz dy sin® y\/fg) (14 (9,2)2) + (9.x)? (2.2.5)
with
_ cosh®(z + 1)
f(@) = cosh? 1 cosh? @ (2.2.6)

owing to (|1.3.21)) and

f1f2fdp = 407 cosh ) cosh @ cosh(z 4 1) sin? y (2.2.7)
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This is nearly the same form as (2.1.1)), the major difference being the 9,z term. Taking this

to be zero to minimize its term under the square root, the action becomes

- 0”10/ \/ (2.2.8)

Interestingly, this is proportional to the action of a minimal surface in a time-slice of empty

AdS3, which can be seen from the coordinate transformation

p— x4+ and oz — pechvsechd (2.2.9)

applied to the metric . Thus, from the arguments of the previous section, the constant
solution x = —1 is the appropriate minimal surface. Since the expression under the square
root in the action functional is the sum of positive terms which are all minimized
by the solution, we have indeed an absolute minimum as demanded by the Ryu-Takayanagi
prescription.

For this solution the area is given by

cmm CcK3, L
=—\/f log — 2.2.10
/ ~ 12cosh v cosh 6 %8 ( )

and the holographic entanglement entropy can then be expressed as

A 1 c L
= —log — 2.2.11
4GS\1,0) cosh 6 cosh ) 6 %8 ( )

Shol =

where we used the identification 1/ 16G (10)

= 1/2k%,. In order to compare the holographic
result (2.2.11)) to the CFT ([1.2.33]) we have to set § = 0, which on the CF'T side corresponds to
an interface where only the radius of My jumps and there is no jump of the RR modulus [53].

The jump of the radius can be identified with the parameter v of the supergravity solution
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as follows [53]

R2 ,¢
— = 2.2.12
e (22.12)
and hence
Ry R,
2coshy = — + — 2.2.13
cosh Ry + R ( )
The identification of s is then given by
) 2R Ry 1
= sin20 = = 2.2.14
s R?+ R} cosh® ( )
Hence in this special case the holographic entanglement entropy (2.2.11]) becomes
L
Shot = = slog = (2.2.15)
6 €

which is in exact agreement with the CF'T result if we replace the value ¢ = 3/2 for
a real boson and a real fermion with the general value of the central charge, again setting
ki1 = ko = 1. As far as this identification is concerned in our case the symmetric orbifold
CFT which is dual to supergravity on AdSs x S® x M, can simply be viewed as 4N = 4Q5(Q;

copies of the ¢ = 3/2 system. This is precisely the same exact agreement found in [53],
which can be seen from the equality between ([2.1.13]) and (2.0.2]) with 8 = 0 and v given by
@.2.14).

2.3 Discussion

In this chapter the holographic entanglement entropy was calculated for a surface A which
lies on one side of a conformal interface. It is interesting to contrast the result (2.1.7) with

the result for the entanglement entropy for a surface which is lying symmetrically across the
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interface

L 1
ST™™ = Slog = + < log ——— (2.3.1)
€

6 6 " \/1-2

Note that for the geometric setup discussed in this note the logarithmically divergent term
does not have a universal prefactor ¢/6 but depends on the parameters of the interface via
the function 1/ f(0). This difference makes sense as the interface is located at the boundary
between A and its complement, where the entanglement between the two regions is strongest.

It is also interesting to compare the holographic calculations of the entanglement entropy
for the two cases. In [35] the non-supersymmetric Janus solution was used to calculate
and in particular the holographic boundary entropy log gg was calculated. A comparison
with the CFT calculation led to an agreement of loggg to first nontrivial order in the
deformation parameter 7. In section [2.1] we found that in our case the result disagrees even
to the lowest nontrivial order in ~.

This state is to be contrasted with the supersymmetric Janus solution where both for
the symmetric entangling region [53] and the asymmetric case calculated in section the
CFT and the holographic entanglement entropy agree. Note that the CFT and the gravity
calculations are performed at very different points in the moduli space of the dual CFT. It
is likely that the high degree of supersymmetry allows the extrapolation of the results from
one point to the otherﬂ.

The supersymmetric Janus solution depends on two parameters # and ) and we set § = 0
for the comparison. The parameter ¢ corresponds to an RR modulus and consequently to a
twist field in the symmetric orbifold CFT. It would be interesting to see whether the CFT
calculation can be performed for a general interface operator I; » which includes a jump in
the twist field.

Recently the CFT at the symmetric orbifold point has been conjectured to be dual to a

In a recent paper [70] the entanglement entropy in a (nonsupersymmetric) holographic model of the
Kondo model was calculated and agreement with field theory results was found.
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higher spin theory [71}/72]. The region in moduli space where supergravity is valid is far re-
moved from this point. Supersymmetry seems to make the result of the entanglement entropy
independent of where on its moduli space the theory is. It would be interesting to investi-
gate whether it is possible to construct the relevant interface theories in the Chern-Simons
formulation following [73] and calculate the entanglement entropy following the proposals

relating the entanglement entropy and the Wilson loop in higher spin theory [74-76].
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Chapter 3

Entanglement Entropy at RCFT

Topological Interfaces

As discussed in section , the stronger topological interface condition allows for
interface operators to be found in larger classes of theories. In particular, through the work
of Petkova and Zuber [77,/78] interface operators were found for topological interfaces in a
general (diagonally embedded) rational CFT (RCFT). RCFTs encompass a large number of
interesting theories, including the minimal models, the free compactified boson at certain
radii, and Liouville theory. Wohile it is interesting to explore the entanglement entropy
for interfaces in larger classes of theories, topological interfaces have special properties not
present in a general conformal interface. One can define a fusion product of topological
interfaces by bringing two of them close together [20]. It has also been argued in [11,|79,
80] that topological interfaces can furnish spectrum generating symmetries. Topological
interfaces have been constructed for a single free boson in [19,29] and for N free bosons
compactified on an N-dimensional torus in [26]. Topological interfaces in orbifold theories
have been studied in [30].

The focus of this chapter is to calculate the entanglement entropy for both symmetric

and asymmetric intervals around topological interfaces in RCFTs. The structure of the
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chapter is as follows: in section [3.1] we review the construction of topological interfaces in
rational CFTs which goes back to the work of Petkova and Zuber [77,/7§]. In section
we adapt the calculation of [21}22] (reviewed in section to calculate the asymmetric
entanglement entropyﬂ. In section we again adapt the calculation of [21,]22] to re-derive
the symmetric entanglement entropy and also give an argument that the location
of the interface does not change the result as long as it is a finite distance away from the
boundaries of the entangling interval. In section [3.4] we compare the entanglement entropies
for various specific cases. We also include the recently computed left/right entropy [82,83]
for reference. In section [3.5] we use the construction of topological interfaces in Liouville
theory given in [84[85] to attempt a calculation of the entanglement entropy for this system.

We close with a discussion of our results in section 3.6l

3.1 Topological interfaces in RCFT

In this section we consider the construction of topological interfaces in rational CFTs. A
rational CFT (RCFT) [86] contains a finite number of primary states and hence a finite
number of representations of the Virasoro algebra, labeled by ¢, with characters x;(¢q). The

partition function on the torus is given by

Z =Y Zj xi(a)x;(@) (3.1.1)
i’j
where Z;; are positive integers which denote how many times a representation appears in
the spectrum of the theory. We mostly limit ourselves the the case where Z;; = 4,; and the
theory has a diagonal spectrum.

The canonical examples for rational CFTsﬂ are the unitary minimal models which have

"'While the paper [2] this chapter is based on was finalized a paper [81] appeared, which has significant
overlap with the material presented in section

2We limit ourselves to minimal models with respect to the Virasoro algebra here, generalizing the discus-
sion to rational CFTs with respect to extended conformal algebras would be very interesting.
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central charge

6
c=1—-—"""  m=34.- (3.1.2)
m(m + 1)

and the primaries are labeled by two integers r =1,2,...,m —1and s =1,2,...7 and have

conformal dimension

(m+1)r— ms)2 -1

hrs -
’ dm(m + 1)

(3.1.3)

The simplest minimal model is the Ising model which has m = 3 and hence we have ¢ = %

and there are three primaries with h =0, h = % and h = %.
In [77,|78] twisted partition functions for rational CFTs were studied. They are charac-

terized by the insertion of an operator I into the partition function, where I satisfies
Ly, 1] = [L,,I] =0 (3.1.4)

In [77] a classification of such operators was given analogous to the construction of Cardy

states [25]. For the diagonal theories one finds

Sai i1
1, = — P“ 3.1.5
25, o
Here P is a projector on the space spanned by the i-th primary and its descendants
PP = "i,n) ® i, n)(i,n| & (i, 7| (3.1.6)

This means that in the simple diagonal case there are as many topological interfaces as there
are primaries, where for simplicity we assume that each primary only appears once in the

theory; a degeneracy can be easily included in the constructionﬁ The matrix S is the modular

3See [87] for a discussion of more general projectors including non-diagonal theories.
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S matrix which denotes how the characters transform under modular transformation
X(=2) =2 Syx(r) (3.1.7)
J
where 7 is defined by ¢ = ¢*™. The conjugate interface operator is given by

Su\* -
‘i‘_ ar 27
=3 (§> P (3.1.8)

i

In summary it is notable that the classification of [77,|78| of twisted partition functions also

provides us with a classification of topological interfaces in RCFTs.

3.2 Entanglement entropy at a topological interface

The K-th partition function with a topological interface (3.1.5) labeled by a primary a

inserted is

i _ K
=Tr [(IGIJ)KQQK(Lo—i)qQK(ZO_i)}

S ] 2K
(@) (@) (3.2.1)

where we have introduced ¢ = ¢ = e~'. In the second line we have used to commute

I, through the Hamiltonian and in the third line we used the fact that the P¥ in are

projectors to the i-th representation so that the trace produces the associated character y;.

Since we are interested in taking the UV cutoff € — 0 (and equivalently taking L — 00),

we have to evaluate in the limit ¢ — 1. With the identification of a new modular
parameter 7’ by

2K 2Kt _ 2mir’ (3.2.2)

g =c
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with ¢ = 272 /log(L/¢), the limit can taken by performing a modular transformation on the

characters

lim x; (¢*% )3 (@) = lim x,(7")x:(F)

q—1 7'—0
= lim 378,50, (~1/7) xe(~1/7)
7,k
20 2n2h; -
= Z Siijke@ef‘Kt] e R = <1 + Ole 72”2/1“]) (3.2.3)
7.k

In the limit ¢ — 0 the leading contribution in will come from the vacuum characters

which have h; = h, = 0. In that case the partition function (3.2.1)) becomes

Z,(K) ~ exp <ﬁlog >Z|smy2f<\s P2 (3.2.4)

where the dots indicate terms which vanish as the cutoff is taken to zero. Further calculating

_ Sail**[S0i* 72" (log | Sai| — log [Soil)
1 — 8 1 Sai 2K S ; 22K ’ — Z | ai ai g
( K) 0og (Z’ ‘ | 0 ’ ) 1 E ’Sa]|2K|SO |2 2K K1

=2 S.il%1
Z:I “log S

where we have repeatedly used the fact that S is symmetric, unitary, and in particular the
relation i Sqj|? = 1. Putting everything together we arrive at the following expression for

the entanglement entropy at a topological interface

c L S
S,=-log=—2 Suil? log | =2 3.2.6
o8~ 22 ISl los | g (3.2.6)

3.3 Symmetric and left /right entanglement entropy

For an interface which is located symmetrically on the entangling interval A the entanglement

entropy is given by (|1.2.12)), with the subleading constant term related to the boundary g-
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factor which is determined by the overlap of the boundary state corresponding to the doubled
interface with the vacuum state. For the topological interface (3.1.5) the boundary state

becomes

IB,)) = Z go Z li,n) @ |i,n)|i,n) @ |i,n) (3.3.1)

Consequently the g-factor is given by

SaO

= 3.2
9B o (3.3.2)

and the symmetric entanglement entropy becomes

L S,
Seymm %log ~ +log SOZ (3.3.3)

Up to now we have considered the symmetric case where the interface is located at the
center of the entangling interval A. There is however a simple argument showing that for
topological interfaces the location of the interface does not change the result as long as it
is a finite distance away from the boundary of the entangling interval. We illustrate the
argument in figure [3.1 We start in the ¢ plane with a finite interval A with boundary at
¢ =0 and ¢ = [, where the interface is located along ( = y + £, £ € R. We map the { plane

into the w plane by the map
¢
= —— 3.3.4
. (33.4)

This maps the finite interval to the positive real axis and the interface gets mapped to an
off-center circle. Finally we perform the replica map to the z coordinate via z = logw and
impose periodic boundary conditions as before at the cutoff 2 = loge and z = log L. This

produces again a torus. Unlike the case of the interface at the boundary here the interface

45



Im(

Interface

N
Y > Rec
Imw
0 v
""""""""""""""""""""""""" Imz
A
2K
N
7
27
» Rez
loge log % log L

Figure 3.1: Mapping of a non-central interface to the replica torus.

is mapped into a vertical curve on the torus. For a topological interface it is clear that the
shape can be changed and changing the location along the real part of z corresponds to
changing the original location y of the interface. This shows that partition function on the
K-th sheeted Riemann surface is independent of y as long as the interface is a finite distance

away form the cutoffs. We can be more specific and evaluate the partition function

Z(K) = Tr[l,e]

=2 2o (@) (3.3.5)

SOi

2
where ¢ = ¢ = e ¥t where again t = 272/ log(L/¢), hence in the limit of vanishing cutoff the

sum over representations in the partition function gets projected on the vacuum character
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and one has
Sy L
Za(K) ~ 22 exp <L log —> +-- (3.3.6)
€

Applying the replica formula ((1.2.5) one obtains

SaO
Soo

L
Soymm glog ~ 4 log (3.3.7)

Comparing (3.3.7) with (3.3.3]) one notices an extra factor of 1/2 in (3.3.7) in the log(L/e)

term. This seeming discrepancy comes from the fact that the replica calculation leading to
(3.3.7) calculates the entanglement entropy for a semi-infinite entangling surface (as we take
L to be very large) with only one end point, whereas the result of Cardy and Calabrese
is for an interval with two end points, which doubles the logarithmically divergent
contribution according to the area law for entanglement entropy. The same remark applies
when one compares and .

Additionally it is clear that for a topological interface moving the interface along the real
axis in the z coordinates does not change as the interface operator commutes with
the generator of these translations, which is the Hamiltonian. It is clear from Figure that
the independence of the symmetric entanglement entropy from the location of the interface
breaks down if the interface approaches the UV cutoff €, as part of the interface would be
removed by the cutoff. This explains why the entanglement entropies and can
be different.

A third type of entanglement entropy which takes a similar form is the so-called left /right
entanglement entropy [82,[83,/88]. This is defined for a boundary CFT, where the entangle-
ment entropy is calculated with a reduced density matrix obtained by tracing over left-moving

modes. Interestingly for a boundary CFT defined by a Cardy state |25 (for a single copy of
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the CFT, not the doubled one we are considering in the previous sections)

By = 5 Sy (338)

where |7)) are the Ishibashi states [24] enforcing conformal boundary conditions. We quote

the result of the calculation of the left /right entanglement entropy which is also labeled by

a primary a in a RCFT, obtained in [83]

2
o _ Tl N go o, e
Sl'=o1 jg:,sgjlog 5 (3.3.9)

The physical interpretation of the left /right entanglement entropy (as it is non-geometrical)
is not clear at this point as well as its relation to the other two entropies is not clear at the
moment. The similarities of the resulting entropies might still suggest that such a relation
exists. A better understanding of the relation of the cutoffs utilized may be necessary to

accomplish this.

3.4 Examples of entanglement entropies
For the m-th unitary minimal models the modular S matrix is given by (see e.g. [89])

2
m(m + 1)

m+1 m
Srsipo = 2 —1)lertre g i 3.4.1
p (—1) sin | m—_—rp | sin | 7~ s0 ( )
Using this formula it is in principle straightforward to evaluate the three entanglement
entropies: S, given in (3.2.6), S¥™™ given in ({3.3.3]) and Syt given in (3.3.9)). Here we give
tables for the two simplest cases, namely the Ising model with m = 3 and the tri-critical
Ising model with m = 4.

The Ising model has 3 primaries which we can label by their conformal dimension h =
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0, %, % and has the modular S matrix

1 1 V2
S:% L1 3 (3.4.2)
V2 —V2 0

The entanglement entropies then take the following values

[ s [

h=0] 0 0 |22
1 3
h—% = ZIDQ

Table 3.1: Entanglement entropies for the Ising model.

The next simplest minimal model is the tri-critical Ising model which has m = 4 and has

six primary states which are labelled by their conformal dimension

_qg L 33 38 1 4.
=015 2 %0 16 (3:4:3)

The modular S matrix is given by

52 S1 S1 52 \/551 \/532
S1 —S52 —52 S1 \/§82 —\/551
S1 —S52 —S52 S1 —\/552 \/581
S = (3.4.4)
52 S1 S1 52 —\/531 —\/552
\/581 \/582 —\/582 —\/581 0 0

\/552 —\/581 \/551 —\/582 0 0
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where s; and sy are given by

2 4
$1 = sin (%) , Sy = sin (g) (3.4.5)

The entanglement entropies then take the following values

’ a ‘ Sa ‘ Ssyrnm S[ll !
h=0 0 0 _2\/5C0th_14‘/5+1n 3:>>2172658
_ 1 -1( 3 11., 3+v5 151n2—5In5++v/51n(9—4/5)
h =15 —+/b coth (75> 51n +2 -
_3 -1( 3 11, 3+v5 15In2—51In54+/51n(9—4+/5)
h=z —+/5 coth <75> 51n +2 -
b= % 0 0 —2v5 coth*14\/5+1n 32708
B — 83_0 (—5+\/5)1n(3—\/5)2—(5+\/5) In(3+/5) %ln(S +/5) —51n5+\/2n(9—4\/5)
h = % —5In?2 IHTQ —2\/500th4 V5-51n5

Table 3.2: Entanglement entropies for the tri-critical Ising model.

3.5 Remarks on entanglement entropies for Liouville theory

In [84185L90] topological interfaces for the Liouville CET (see [91,92] for reviews with ref-
erences to the original literature) were constructed following the procedure which was used

for RCFTs. There are two types of defects which are both of the form

[ / da D(P)P° (3.5.1)
Q/2+iP

where we integrate P over the positive real line, i.e. P € (0,00), and one has Q = b+ 1/b,
which determines the central charge as C' = 1+6Q?. Here P is a projector on the continuum

of primary states labeled by P and their descendants

P =Y o, M) ® o, N){a, M| @ (@] (3.5.2)

M,N
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As shown in [84] one can distinguish the two types of defects by associating them with the

discrete degenerate primary states labeled by two positive integers

sinh(2™2) sinh(27nbP)

Dyp(P) = - 3.5.3
n(P) sinh(%E) sinh(27bP) ( )
and a non-degenerate primary state labeled by a continuous real parameter s
cos(4mPs)
Dy(P) (3.5.4)

- 2 sinh(27bP) sinh(%F)
We can now calculate the K-sheeted partition function (3.2.1) with the interface (3.5.1)
inserted. Using the fact that the projectors satisfy

PoPP = §(a — ) P (3.5.5)

and the fact that the interface operator I satisfies (3.1.4]) we arrive at

Z(K) - /Q o 8P (PP e i) (3.5.6)

where yp(q) is the character of the non-degenerate Liouville primary field labeled by P given
by

22

xp(T) = d

= g 0= (3.5.7)

with ¢ = €2™. We can use the following formula for the modular transformation of the

character (3.5.7))

xr(—1)=v2 / ) dP'xp/(7) '™ (3.5.8)

o0
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With the identification (3.2.2) and t = 272/log(L/¢) as before, the modular transformed

K-sheeted partition function becomes

Z(K) =2 / P (D(P))*" / dP' e PPy b (i) / dP' e PP 5 (i) (3.5.9)
0 —o0

—00

In the limit ¢ — 0 we can replace the full character xp(q) by its leading term ¢* *~21 and
perform the gaussian integrals over P’ and P’ which produce the same result. Hence we

arrive at
Z(K) = e / dP (D(P))* e Pt . (3.5.10)
0

where the dots denote terms which vanish as ¢ goes to zero. We would now like to use this

expression to calculate the entanglement entropy using the replica formula ((1.2.5)). Note that

for the case where D is labeled by a continuous parameter s and given by (D(P))QK

in the integral vanishes for large P. It is therefore legitimate to drop the exponent
—4P?Kt

e in the integral and the non vanishing terms in entanglement entropy for this case

are given by

1 L Kt [ 2K
S, = élogz%—(l—@K)(logE/o dP (D,(P)) >‘K:1 (3.5.11)

We notice two curious features of this result. First, the logarithmically divergent term is
multiplied by % which is what one would expect for a ¢ = 1 CFT, whereas the central charge
of the Liouville theory is given by C; = 1 4+ 6Q?. A possible explanation for this behavior
lies in the fact that for the interface labelled by only the continuous primaries with
conformal dimension A = Q?/4 + P? appear. Hence the vacuum with A = 0 is excluded and
the factor of 1/3 in front of is most likely associated with a shifted effective central
charge.

Second, apart from finite terms as ¢ — 0 we also obtain an additonal divergent term of
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the form log(log %) from the second term (|3.5.11)). The significance and interpretation of this
term is not clear at this point and a more careful treatment of the cutoff might be necessary.
For the interfaces labeled by discrete integers m, n defined in (3.5.3)), D, diverges for large

P and the full integral has to be evaluated first in order to obtain the entanglement entropy.

3.6 Discussion

In this chapter we have discussed entanglement entropies in the presence of topological
defects in two geometric settings, namely when the interface is located at the boundary
of the entangling interval A and when it is in the center of the entangling interval. For
topological defects in RCFTs the logarithmic part of the entanglement entropy is always
universal (this is not the case for general conformal interfaces) and the constant term can be
expressed in a compact form in terms of the modular matrix S. Note that the entanglement
entropies have a similar form in terms of the modular matrix S as the left /right entanglement
entropy for a related BCFT, but the physical relation of the left /right entanglement entropy
to the others is not clear at the moment.

There are several directions in which our results can be generalized. We have limited
ourselves to RCFTs with diagonal partition functions. The construction of |77] also includes
non-diagonal theories and it would be interesting to understand the entanglement entropy
for this case. We also only considered CF'Ts which are rational with respect to the Virasoso
algebra, it would also be very interesting to repeat the analysis for RCFTs with respect to
extended chiral algebras.

Since the large m limit of minimal models is conjectured to approach a non-rational ¢ = 1
CFT which is different from a free boson [93] it would be interesting to study the continuation
of the minimal model entanglement entropy. It would also be interesting to understand the
entanglement entropy for Liouville theory better. Apart from the calculations sketched in
section [3.5] one might also consider semiclassical limits where b — 0 and analyze the role of

topological defects in classical Liouville theory following [85,94].
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Chapter 4

Entanglement Entropy at CFT

Junctions

A natural generalization of an interface Z connecting two CFTs is a junction J connecting
N CFTs along a common line. If we consider an entangling region containing one of the
CFTs, say CFT;, then the entanglement entropy has the same generic form as ; that
is,

L -
8= 5 Inid)log = + il J) (4.0.1)

For junctions between non-relativistic theories, it was shown in [95] that the universal term

of (4.0.1)) is related to the universal term of (1.2.14)) via
i) = F(VT) (4.0.2)

where 7; is the total transmission coefficient from the i-th theory to the other theories in the
junction, however this has not been shown to hold in the conformal setting. In this chapter
we will show that this relationship holds for arbitrary junctions between CF'Ts which are
constructed from free conformal bosons and fermions.

This chapter is organized as follows: in section we review the folding trick (see section
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which turns the problem of constructing conformal junctions into one of constructing
boundary states. We review the construction of bosonic as well as fermionic boundary
states, determine the normalization using the Cardy condition, and discuss reflection and
transmission coefficients for conformal junctions. In section|4.2we calculate the entanglement
entropy of bosonic and fermionic N-junctions, generalizing the methods of [21,22] (see section
. In section we construct boundary states corresponding to specific 3-junctions and
discuss various features and limits. In section K4 we summarize the main results of the
chapter and discuss possible extensions. Details on the special functions we use in this
chapter, in addition to details involving Gaussian integrals and circular determinants we

calculate, are relegated to appendices at the end of the chapter.

4.1 CFT construction of junctions

For junctions connecting N > 2 free boson CF'Ts, we proceed with the same folding methods
shown in figure applied repeatedly, as illustrated in figure[d.1} Specifically, the bosonic N-
junction is folded into the N-times tensor product CFT with boundary states |B)) determined
by the boundary condition

(a, — Siyal,) [B)) =0 (4.1.1)

where now S is an element of O(N )E| As before, (4.1.1)) is solved by a coherent state of the

form

00 N
1 o .
SYW=gl||exp (— Sii az_najn) €208 N, W; 4.1.2
15)) n”l —Sij > (§| ) (4.1.2)

(ao,ﬁo)EA
where A is an N-dimensional sublattice of the full 2N-dimensional lattice of unconstrained
eigenvalues of the a) and a}. Not every element of O(N) will be compatible with the zero

mode structure, i.e. satisfy the n = 0 case of (4.1.1]) for the quantized eigenvalues (A.1.10]),

and thus the bosonic boundary states for fixed radii correspond to a countable subset of

IThis is seen either by the easily generalized replacement in ([1.1.8)) or by requiring continuity of the stress
tensor at the location of the junction [96].
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Iia3

Figure 4.1: Tlustrating the unfolded, folded, and partially folded pictures for a 3-junction. As
before, the folded picture is used to characterize the boundary states. However, for the entanglement
entropy calculations we will only unfold one CFT and work with interface operators in this partially
folded picture.

O(N). For N = 2 the restrictions (1.1.14) and ([1.1.20)) specify the allowed subset of O(2),
and in section we find the allowed subset of O(3) for N = 3. Lastly, the phases da, 3, are

related to the position and dual Wilson line moduli of the D-brane, but as they will vanish
from all our calculations we will not characterize them further.

We now fix the normalization through Cardy’s condition for this general bosonic D-brane.
Cardy’s condition enforces the consistency between the open and closed string channels; that
is, it requires the annulus amplitude to have a modular interpretation as a partition function

on the cylinder. We will use this condition to fix the value of the normalization factor in
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(4.1.2). Let ¢ = e=2™ for some ¢ > 0. The annulus amplitude is then
(Slg>=FF /1)) (4.1.3)

The quadratic operator exponentials in the boundary state complicate attempts at direct

calculation; instead we linearize the exponential by means of Gaussian integrals of the form

AT AR
(AB / 2202 z2oAtB (4.1.4)

N

where A and B are N-dimensional vectors whose entries are all mutually commuting opera-
tors. Linearizing each of the exponentials in (4.1.3]) with (4.1.4) in a complementary fashion

we obtain the expression

N i Ti N i T
((S|qim ot Lo=1/12)| §y) = g2 (Q]q 2= (FoFLo)

Q)

= ANz, dN Z, dN W dN W, ] ]
x g~ N/12 H / W e En I T WIm W (4 ] 5)

n,m=1

% <0|6—qmwm~STam—%qmv_vm-ém —%zn~a,n—in‘557n|0>

e
where |Q2) is the lattice-summed zero mode in (4.1.2)) and we have used the identities (A.1.13]).
The form of (4.1.5]) is such that the zero mode contribution, the first line of (4.1.5)), is isolated
from the remaining oscillator contribution. The zero mode contribution is a lattice theta

function (see appendix [4.A.1)

g? (Qg == Q) = g2 0, (2it) (4.1.6)

where the dependence on the phases in |2) have vanished. For the oscillator integrals, we
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commute the two linear operator exponentials in the third line of (4.1.5)) to obtain

o0 N N5 N N &
q—N/IQH/d an an Wnd Wn e—zn'in—Wn-Wn-l—q"Zn'SWn+q”in'S‘7Vn (417)

2N

—-N

dy nd . . M
_qN/12H/ Wnd "W e~ (1=a"") wnWn [ 1/12H 1—¢™ } (4.1.8)

where the dependence on S is removed after the z,, z, integration due to the fact that
STS =1y as S is an element of O(N). Comparing this result to (4.A.21)) we find that the

annulus amplitude can be written in closed form as
((S]q 2= EH 12| §Y) = g2 0, (2it) [n(2it)] 7Y (4.1.9)

Performing S-transformations on the above we have the equivalent expression

2

((Slq =i HEID]5)) = s O (1/20) [n(i/20)) (4.1.10)

In order for (4.1.10]) to correspond to a cylinder partition function with a properly normalized
vacuum we must have that the constant term as ¢ — 0 in (4.1.10f) is unity. Thus, Cardy’s
condition fixes

g = /vol(A) (4.1.11)

In section the various fermionic boundary states for N = 2 were shown; here we give

their straightforward generalization to arbitrary N for the Neveu-Schwarz sector

1Sns =[] exp (isijwinﬁin)®|o> (4.1.12)

nEN—%

— which will be the focus of the fermionic calculations in this chapter — and for the Ramond
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sector

[e'¢) N
2 : i 7 1 i d
|S))r = det (1= F) HGXP (iS4 ,) exp (5 ]'_iﬂ_eﬂjej) § |€:) (4.1.13)
where
. 1,

i = s (i i) (4.1.14)

and F is an anti-symmetric matrix given by
S =(Ay+F) " (Ay—F) <= F=0Uy-5)Ax+ S')_l (4.1.15)

The state in (4.1.13]) is only well-defined as long as S’ is in the connected component of
O(N). Thus we take the matrix S” to be the pure rotation part of S, i.e. we write S as
an elementary reflection composed with a continuous rotation S’. The reflection content of
S is then represented in the ground state through the choice of signs in the ¢;. If S is a
pure rotation then ¢; = 41 for all 7, whereas if S includes a reflection then ¢, = —1 for all

1 excepting the two indices corresponding to the plane of reflection. These considerations

ensure that (4.1.13)) satisfies the zero mode boundary condition
(64 +S593) 1Nn =0 = (4, + Furle, ) 1S)m =0 (4.1.16)

while maintaining a finite normalization.

4.1.1 Reflection and transmission for junctions

In [21] and [22] it was shown that the physical quantity determining the universal term in
the entanglement entropy for both the bosonic and fermionic interfaces is the transmission
coefficient of the interface. This continues to be the case for N > 2; however, the reflection

and transmission coefficients given in section — as they were formulated by [23] — will
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not suffice to describe junctions even in the partially folded picture. Here we review their
generalization to conformal junctions, developed in [97].
The reflection and transmission coefficients for CF'T N-junctions are related to the N x N
matrix
(0| Ly LY |B))
R;; = ~22212)] (4.1.17)
’ (0[B))

where |B)) is the boundary state corresponding to the junction. The average reflection and

transmission coefficients of [23] (i.e. (1.1.4)) are written in terms of this matrix as

2 2
(Rip + Ry2) and T8 =

C1 + Co Cc1 + Co

Ran = (R12 + Rgl) (4118)

which are enough to characterize transport processes for N = 2 since in this case R is a

symmetric matrix. For N > 2 these coefficients are generalized to

2 2

Ci G

where R,; is the reflection coefficient for CFT; and 7;; is the transmission coefficient for

transport from CFT; to CFT,. It should be noted for N = 2 that (4.1.19)) is related to
(4.1.18) by

c1+ ¢y
261

T2 = ?751 = Te (4.1.20)
1

so that for ¢; = ¢3 = ¢ the three different transmissions all agree. For N > 2 we’ll also want

to consider the total transmission from CFT;, given by the sum

Ti=> T, (4.1.21)
i

In both the free boson and free fermion cases (4.1.2) and (4.1.12)), the reflection and trans-
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mission coefficients of these boundary states are given by
Ri=5; and T;=5, = T,=1-5; (4.1.22)

and thus the coefficients can be lifted from the matrix S.

It is interesting to note that a completely transmissive junction, which necessarily has

R;=0forall i =1,..., N, has its transmission coefficients constrained to be

where k; 11 = k; + 1, the index N + 1 is identified with 1, and k; # i. These correspond to

twisted permutation junctions whose boundary states satisfy

al|S)) = +a

S)) (4.1.24)

n

for (4.1.2)) and
UL18)) = £igl,|S)) (4.1.25)

for (4.1.12) with independent sign choices for each i, of which there are 2V (N — 1) distinct

matrices S.

4.2 Entanglement entropy at N-junctions

The starting point for the junction entanglement calculations is the same as in the interface
case: with the corresponding boundary state |B)) in the folded picture (see figures
and . For interfaces the tensor product CFT is then unfolded to obtain the interface
operator I; 2 to be used in calculating the replicated partition function ([1.2.20]). This same
basic strategy can be applied to the junction case as well by noting that it is equivalent to

replacing in CFT; with )., CFT; and CFT; with CFT; in figure . This is the partially

JF
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folded picture (shown in figure for N = 3) where, for the purposes of calculating the
entanglement entropy of CFT;, we only need an interface operator [ ,; taking states from
CFT; to the rest of the CFTs in the junction as a tensor product. Thus, the replicated
partition function has essentially the same from as ; that is

Z(K)="Tr. N |:(Il...N,z’ C]Hi(IL..N,z‘)Tqu“‘N)K] (4.2.1)

where H; n is the Hamiltonian of ®#i CFT;.

4.2.1 Bosonic junction

We'll begin our calculations with the bosonic boundary state (4.1.2)). Unfolding the i-th
boson according to ((1.2.15)), we linearize via (4.1.4)) in order to obtain explicit expressions

for the interface and anti-interface operators

o0 N N5 ) .
I Jp— M e*Zn'Zn*% Z]‘# ana]_n*Zj;éi > Sljznl&]_n
1...N,Z ’7TN
n=1
00

1 ) .5 %
x Gy [ [ vt Susnen (4.2.2)

n=1

oo —

H dNw, dNw _ L
(I].NJ)T - \/\% e Wn Wn+2l Szlwnla7n+;wnza7n

n=1

X (Gl...N,i>T H e Zj;éi > szwnzazz*% Zj;ﬁi ’lf)njazz (423)

n=1

with the ground state operator given by

Gl...N,z’ = v/ VOI(A) Z eiéao’éo (® |nj, wj>> X <—n2‘, U)z| (424)

(ao,ﬁo)EA Ve

which are needed to compute the partition function (4.2.1). From (4.2.2) and (4.2.3)) we

then calculate the commutation between the various exponentials of the oscillators of the

62



i-th boson in the relevant partition function block

J = N/12] 0+L (Il...N,i)T qZ]‘;éi(L{)"'i%) (425)
o] dN . dN_n dN . dN _n B B n _
_ H / Z Z’R—QN w w e—zn'Z7L_W7L'Wn+q zl(SilZniwnl+Slianwni) OLG,OR (426)

n=1

where the remaining oscillators are contained in

O = H exp [ - — Z 2@ Z Z Sljznldj,n} (4.2.7)

J?él Jj#L
Ogr = Hexp [ —q (Z Z S lwnla + — Zwma )] (4.2.8)
Ve 3752

and the zero mode information is encoded in the operator

G' = vol(A) g~ N/12 Z q|a°|2+|a°|2<® |nj,wj>> ® (®<nj,wj|) (4.2.9)

(a0,80)€A JF J#i

Notice that in the above that the phases d,,45, originally present in have vanished
from the calculation. Also, the additional factors of ¢" in and the weighting of the
lattice sum in result from the identity (A.1.13] m and the application of the propagators
on the vacuum states in .

Using the expression for the block , we can now write the K-sheeted par-
tition function in terms of this block

Z(K) = Try. n (J5) (4.2.10)
S [Ty P aNwE Vw0000 o g s (SusB 45,25 0)
- H H 2N €
x Try.n (G’O 0P g o® O(LK)G’O;KW;)) (4.2.11)
= vol(A) K¢~ NEN2 9, (2iK1) H P, (4.2.12)
n=1
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where, denoting (K + 1) = (1), the Gaussian integrals remaining after the commutations of
all the oscillators in the products (’)%ﬂ) (’)(Lkﬂ) between ground state operators in (4.2.11)) are

given by

K k —(k k — (k
/szg)sz%)deﬁl)deﬁl) 2wl g 5 (S w412 0l
2N

(0

q Zg;ézZz( legjﬂ) (k>+s 7(19“) 'SLJ)> (4.2.13)

The lattice theta function and the other factors multiplying the Gaussian integrals in
result from the product of the K operators G’ inside the trace in . At this point we
could perform the Gaussian integrals in altogether by way of a determinant, but
for the sake of simplifying the calculation we first perform each of the K one-dimensional
complex Gaussian integrals in the variables z,;, Z,; and w,;, w,;. After performing these

integrals (see appendix [4.B.1)) we have a reduced expression for the Gaussian integrals

AN 1z N1z P N1y W gN 1) wl®) g ®) k)
DKH/ N e W A (4.2.14)

where

Ag'];) =q" (Si + q2nDnSiiSjiSil) ( (D8 4 E(k-H)u‘)(k))

nj nl nj nl

+ ¢ Dy (SjiSuzll V2 + Sy Sl ) (4.2.15)

nl

and D,, = (1 — qQ”SZ-QZ-)_l. Now we switch to the evaluation of the Gaussian integrals through
a determinant, which we do by writing (4.2.14]) as a 4(N — 1) K-dimensional real Gaussian

integral

JHUN-DK
P, = DE / e (4.2.16)

T2(N-DK
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Ordering the real variables according to

nl» nl>-

v = (Re AN 0

1
o Rezfﬂz,,

)

Im z, 5

, Rew, 7, Imw

)

we find the matrix exponent has the block circulant form

nlo:

.., Rez

(2) Imz(z) ..

)

Liy—g  C7T 0 0 C
C  lynvg CO7 0 0
0 C lan— 0 0
My = e (4.2.17)
0 0 0 lyv_gy C7T
Cct 0 0 C  lun-a
with off-diagonal blocks themselves in 2 x 2 block form
1 [ X®(1y+ 0% 2Y ® o3
=3 (4.2.18)
0 Z® (134 o)
and the constituent (N — 1) x (N — 1) matrices defined in terms of ¢ and S as
Xj=—¢"DyS;iSu, Yiu=—q"(Sj+¢"DnSuSiiSa), Zy=—¢""DnS;;Su (4.2.19)
The Gaussian integral (4.2.16) is then evaluated to give
P, = DX (det My )™/
K
=T =) 7 [1—2(S2+ (1 - S2) cos(2rk/K)) ¢ + ¢""] (4.2.20)

k=1

where the determinant is calculated in appendix . Comparing the above to (4.A.19) and
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employing the identity

(4.2.21)
k=1

we can immediately write down the K-sheeted partition function in terms of modular func-

tions
K-1
Z(K) = vol(A) K T2 0, (2iKt) [n (2it)] * N7 T 07" (wil2it) (4.2.22)
k=1
with

wk

sinmy, = \/7; sin %

(4.2.23)

This partition function matches the N = 2 case (|1.2.21)), and the oscillator part remains the

same for all N. Performing an S-transformation on (4.2.22)) yields
Z(K) = K~ N2 (T vol (A)2) 7172 () K=DIN=2)/2 (rlK(N=3)+8)/24 o (K) /. (4.2.94)

where

p(K) = glil (Vk - %)2 (4.2.25)

k=1

and the dots indicate terms that go to zero as t — 0, corresponding to the removal of the
cutoffs. Performing the analytic continuation (reviewed in appendix [4.A.3) and calculating
the derivatives in ((1.2.5)), the entanglement entropy is

S = %a(\/ﬁ) 1og§ + % (N —2) [1 - log(2t)] — %log (o vol(A)?) (4.2.26)

The universal term in the above has the same functional form regardless of the value of N,
following exactly the behavior described in . Also independent of N, the constant term
retains the same dependence on the physical quantities of the junction. The only explicit
dependence on the number of theories in the junction comes in the form of a new term that

vanishes when N = 2, which contains a subleading log(log(L/¢)) term, the appearance of
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such a term in related contexts has been remarked previously in the literature [34,98,99]. Its
presence precisely corresponds to the cases where the central charge differs between the inside
and outside of the entangling region in the partially folded picture, and thus not covered
in the scope of . However, as this term does not depend on any of the parameters
of the junction it will vanish from all differences in entanglement entropy between different

junctions, and thus can be considered unphysical.

4.2.2 Fermionic NS junction

If we try to extend to the general N-junction the direct methods used to obtain the fermionic
interface entanglement entropy outlined in section[I.2.1], we’ll need to expand the exponential
in the boundary state , unfold the i-th fermion, and organize the non-vanishing terms
into a 4(N — 1) x 4 matrix representation of (Iy..n;),. If we then consider the reciprocal
entanglement entropy for simplicity, we’ll need to calculate the 4 x 4 matrix representation
of the partition function block and find its eigenvalues. It is not clear how these matrix
computations can be done for arbitrary N. Therefore we will employ the fermionic version
of the linearization methods utilized in the bosonic calculation.

We begin with the fermionic analog of (4.1.4)), the complex Grassmann Gaussian integral
eAB = /dNn dNiy enmtAntnB (4.2.27)

where A and B are now N-dimensional vectors of anti-commuting operators, which are taken

to be Grassmann-valued, and the measure is defined to be
dVNnd"n = dny - dgydijy -+ dip = (—=1)Ndny diy - - - dny dify (4.2.28)

Note that the ordering of the pairs dn; dn; in the above can be changed without the in-
troduction of additional minus signs. Using (4.2.27)) we can linearize the Neveu-Schwarz
boundary state (4.1.12) and unfold the ¢-th fermion via (|1.2.24]) to obtain explicit interface

67



and anti-interface operators

]1...N,i — H / dNnn dNﬁn 677n~’71n+2j73i ¢inﬂ7lj+i Zj;ﬁi > Slj”_]nllgin < ® |O>>

nEN—% J#i
® (0| H o~ Wnini— 3 St (4.2.29)
nENf%
(hva)'= 11 /dNXn O e V)
nEN—%
® (®<O|> H eizm 2 Sjl@b%thLZj;éi Xnj O (4230)
i7i nEN—%

With these expressions we can calculate the commutations between the various products of
Grassmann variables and Grassmann-valued operators appearing in (4.2.1]) in terms of the

operator anti-commutators, e.g. for {a, 8} = {3,0} = {a, ¢} = 0 it follows that
[af, B¢] = —ap{0, ¢} (4.2.31)
The NS partition function block is then
J =g NP s R (1 )T g Rt (4.2.32)

which we can calculate using relations like (4.2.31]) and the identities (A.2.12)). Performing
the commutator calculations between the exponentials of the oscillators of the ¢-th fermion,

in a similar manner to those behind (4.2.6)), we obtain

J = H / dNn, AN, AN AN X € T X0 Xn o 4" 25 (Sigtnixn +8567ni Xni) O ' O (4.2.33)
1

nGN—§
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where the remaining oscillators are contained in

O = H exp [Z W;,mnj +1 Z Z Sljﬁnl@ﬂn] (4.2.34)

nEN—% I L j#i
Or = H CxXp [qn ( Z Xnjty, + Z Z Sjﬂ/Jf{anﬂ (4.2.35)
neN—% J#i I j#i

with ground state operator

¢ = q_N/24<® \0)) ® (@(0]) (4.2.36)

J#i J#i

We can now write the K-sheeted partition function (4.2.1)) in terms of the block (4.2.33)) as

Z(K)=Tri.n (J¥) (4.2.37)

() (k) (k) (k) (k) (k) =(F) o(F)
H /H dNT](k dN dNX(k)dN (k‘) Nn " +Xn +/Lq Z < i an +SJ7‘T]T7,] Xni )

neN—
x Tri.y (G’Og)of)a’og) . oBaol (9<L”> (4.2.38)
e | (4.2.39)
1
nEN—E

where, denoting (K + 1) = (1), the Gaussian integrals remaining after the commutations of

all the oscillators in the products O (9 1) hetween vacuum states in (4.2.38]) are given by

K
_ H / AV ) N ) N ) N () il 4%l i 2 (SN sl %)
Zq > 2]7£'L< Jln'Eij:+1)X£L]§)+S]ﬁ§L§+1>X'ELI;)) (4'2'40)
At this point we could perform the integrals in (4.2.40]) altogether by way of a determinant,

but for the sake of simplifying the calculation we first perform each of the K one-dimensional

complex Grassmann Gaussian integrals in the variables 7,,;, 7,; and X, Xni. After performing
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these integrals (see appendix 4.B.2)) we have a reduced expression for the Gaussian integrals
K k k k k
P, =DX H/dN—ln(k)dN—ln(k)dN—IX(k)dN—lx(k) e ) 2 P x4 AR (4.2.41)
where

k . (k+1 k+1
Ag'l) =1iq" (Sl - q "D Szzsﬂszl) (nn]+ )X’gll) + 777(1]+ )ngl)>

+q¢*"D, <SJZSZZT](}C+1 nnl + SZJSMX”];H)X( )> (4.2.42)

nl

and D, = (1+¢**S2)~!. Now we switch to the evaluation of the Gaussian integrals through

a determinant, which we do by writing (4.2.41]) as a 4(/N — 1) K-dimensional real Grassmann

Gaussian integral

P, = DK (=1)WDE / JAN DK  30-MxO (4.2.43)

Ordering the real Grassmann variables according to

0= (Rensl), Imngl),.. RennN,ImnnN, Rexn17 Imxfﬂ),.. Rennl, Imnfﬂ, )

we find the matrix exponent has the block circulant form

12N—2®02 —CT 0 0 C
C Loy _o ® 02 -C7 e 0 0
0 C loy 2 ®@0% -+ 0 0
My = A (4.2.44)
0 0 0 12N72®U2 —CT
—OT 0 0 C 12N—2®02

70



with off-diagonal blocks themselves in 2 x 2 block form

1 [ X®(1y+0?) 2Y ® o3
C = 3 (4.2.45)
0 Z ® (13 + o?)

where the matrices X, Y, and Z are the same as the bosonic case (4.2.19)) only with the
replacement ¢" — —i¢". The Gaussian integral (4.2.43) is then evaluated to give

P, = D, (=)™ I (det M)

n

D
H (1+ q?”)N‘2 [1+2(S;+ (1= S3) cos(2nk/K)) ¢ + ¢*] (4.2.46)

=1

o

where the determinant is calculated in appendix [£.C] With this final expression for the
integrals, we are able to write the replicated NS partition function in terms of modular

functions and make an S-transformation

K—1
Z(K) = [n(2it)] Y2 [03(2it)] <D TT 05(vef2it) (4.2.47)
k=1
— oNK/48t —I(K)/t 4 (4.2.48)
where vy, is given by (4.2.23)), the exponent J(K) is
LR
I(K) = ) Vi (4.2.49)
k=1

and the dots indicate terms which vanish as ¢ — 0. The entanglement entropy is then

F\/f_g(\/f)} 1Og§ (4.2.50)

after analytically continuing (4.2.49)) — see the review in appendix for details — and
taking the derivatives in (1.2.5)). As in the bosonic case, the entanglement entropy (4.2.50))
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shows the same N-independent behavior described in (4.0.2)).

4.2.3 BPS junction

Until this point we have been considering interfaces and junctions that preserve conformal
symmetry, i.e. satisfy in the unfolded or partially folded picture. Since we have been
working with free conformal bosons and fermions we could further consider interfaces and
junctions that also preserve supersymmetry.

Whereas the conformal condition enforces continuity of the stress tensor across
the interface, if we further require continuity of the supercurrent the interface operator must
satisfy

(G, —in'GY,) Lo = L2 (G2 —in*G2) (4.2.51)

with supercurrent modes

The constants n' = +1 and n?> = %1 determine the type of supersymmetry in CFT; and
CFT,, respectively, and do not need to be equal. The generalization to a partially folded
N-junction is

> (G —ifG,) L = Lna (Gl — in'GE,) (4.2.53)
JF#i

If p =1 for all j = 1,..., N then the operator produced by unfolding the supersymmetric

boundary state

|S>>super = |S>>bos & |S>>NS (4254)

will satisfy (4.2.53). Furthermore, if we redefine v/ — 174’ then the 1’ are absorbed into
the interface operator through S;; — S}, = 77 S;;. Introducing these factors does not change
the entropy calculations, as S’ is still an element of O(N) and S;,°> = S regardless of the

values of the n/. Thus for the purposes of calculating the entanglement entropy we proceed
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as though the supersymmetric boundary state (4.2.54]) unfolds simply into a supersymmetry-
preserving interface operator no matter the types of supersymmetry present in the individual

CFTs. The replicated partition function is then the product
Zsuper(K) = Zbos(K)ZNS(K) (4255)

and through the logarithm the entanglement entropy is the sum

1 L 1 1
Ssuper = Shos + Sns = Zﬁ log T3 (N —2)[1 — log(2t)] — 5 log (7; vol(A)?)  (4.2.56)

This simplification of the oscillator contribution to the universal term of the entanglement
entropy is precisely the same as in [22] for N = 2.
4.3 Specific 3-junction geometries

We now focus on constructing the explicit boundary states describing bosonic 3-junctions
using similar methods to those used to construct and . We will also relate
the quantities relevant to the entanglement entropy — the total transmission 7; and unit cell
volume vol(A) — to the geometry of the corresponding D-branes describing the junctions in

the folded picture.

4.3.1 Boundary state construction

Following the procedure outlined in [20], we begin with the boundary state
|k2D2/k1 D0, 0,0)) = |k2D2/k;D0)) @ |DO)) (4.3.1)

corresponding to ke D2-branes in the p'¢?-plane bound to k; D0-branes, which we rotate to

an arbitrary orientation in the compactification lattice. Through translation we can specify
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$1
Figure 4.2: A D2-brane wrapping the bosonic 3-torus continued into the compactification lattice
so as to show the axis intercepts q; R; ¢;; see figure for the unit cell wrapping for a specific case.
The polar and azimuthal angles that specify the rotation that takes the D2-brane in the o' @?-plane
into this pictured D2-brane are also shown.

an arbitrary orientation by the axis intercepts ¢; Ry 91, q2Rs 92, and q3R3 3. Such a plane

will have an area vector equal to
A = @@3sRaR3 o1 + 1g3R1R3 92 + q1q2 R1 Ra 03 (4.3.2)

and thus the rotation transformation needed will be R(6, ¢) = R3(¢)R2(0) where

G192 Ry
\/(612(]311321!%3)2 + (q1g3R1 R3)”

tan = , tan¢ = (4.3.3)

in order to obtain the rotated D-brane state |koD2/k;DO0, 0(q1, q2,q3), ¢(q1,¢2))), see figure

4.2l To do this we will transform the boundary conditions

[gij (aﬂ + C_Lj—n) + bij (azl — C_lj_n) + 0;303; (af; — C_Lj_n)] |k2aD2/k1D0,0,0)) =0 (4.3.4)
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Figure 4.3: A D2-brane wrapping the bosonic 3-torus shown in the unit cell of the compactification
lattice. The above corresponds to the parameters q; = 3, ¢o = 2, and ¢3 = 6.

where n > 0 and

100 0 —1 0
klOé/
_ b— 4.3.5
g 010/, mR |1 00 (4.3.5)
000 0 0 0

The metric g and (Es3);; = d;303; will simply transform by similarity; however, the magnetic
field will undergo an angle-dependent scaling in addition to the rotation in order for the
boundary state to correspond to a bound state between ko D2-branes and k; D0O-branes at
all angles. Explicitly, the transformation of the magnetic field is determined through two
conditions: (1) the magnetic field is oriented along the A direction; that is, perpendicular

to the D2-branes
bij (0, 9) = B(6, ¢) £ix R (0, ¢) (4.3.6)

and (2) the Dirac quantization condition is met at all angles

1 . .
k’g/ F =—kd with F= ébij dp' A dy? (4.3.7)
D2
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Enforcing these conditions gives

—klOé/Si‘kRk3((9 d))
bii(0,0) = J ’ 4.3.8
i(0,9) ka(q1q2R1 Ry cos 0 + g3 R3sin 6 (q1 Ry sin ¢ + g Ry cos ¢)) ( )

The exponent of the rotated state is then found from the boundary conditions
(Mjjal, + Mya’,)|S)) =0 = S=M"'M (4.3.9)
so that after transforming we have from that
S(0,6) = (1 +b(0,6)) " [b(0, ) + R(0,6) (Ess — 9) R (0, 9)] (43.10)

where b is given by (4.3.8)). It is important to note that .S in (4.3.10)) is a (special) orthogonal

matrix.
The next step in our construction will be to find all zero modes that are consistent with

(4.3.10). These admissible zero modes

3
) Ini, wy) (4.3.11)
=1

are determined by the n = 0 rotated version of (4.3.4)), which upon acting on (4.3.11)) reduce

to

R
Zl A_; <Q3R§ (k‘1w3 + kg3 (11 — gano) ) — ¢ R3 (k1w2 + kago (g3nz — q1nq) ))
2
V?
+ —;{25220/ (q2q3w1 + q1q3w2 + q1gaws) =0 (4.3.12)

and the other two cyclic permutations of the indices, where V is the volume of the 3-torus.
The first line of (4.3.12) is the contribution to the boundary conditions of the D2-branes with

magnetic flux, and the second line is the contribution due to zero winding in the direction
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perpendicular to the D2-branes. Isolating the dependence on the radii we arrive at the
winding constraint

Q2q3w1 + q1g3wa + q1gows = 0 (4.3.13)

and three additional constraint equations given by

kiwy + ka1 (g2m2 — gsnz) = 0 (4.3.14)

and the other two cyclic permutations of the indices. As long as k1 # 0 and ko # 0, (4.3.13))
is satisfied by any set of winding numbers that satisfy (4.3.14). The most general solution

to (4.3.14)) is given by

ni(m,vy) = kimy + gagzy, wi(m) = kaqs (gams — gamna) (4.3.15)

and the other two cyclic permutations of the indices. Since there are four undetermined
integers (mq, mg, mg, and ) appearing in (4.3.15)), this general solution does not specify a

basis for A but rather a generating set. Noticing that

wi(my, mae, mg) = w;(mq + q2q30, M2 + q1q39, M3 + ¢1¢20) (4.3.16)

n;(m, ma, mg,y) = n;(m1 + q2q36, ma + q1q39, m3 + q1¢20, 7 — k10) (4.3.17)

for some integer ¢, we see that choices of v modulo k; correspond to distinct translations of
the sublattice generated by summation over m € Z3. Thus, the lattice-sum zero mode in

(4.1.2) is parametrized as

ki—1 3
> ) e (X) Ini(m, ), wi(m)) (4.3.18)
v=0 meZs i=1

with n;(m, ) and w;(m) given by the corresponding permutation of (4.3.15)). Applying the
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result (4.A.15)), we find
k3A? + k3o

VR

It is known [38] that the g-factor, gg = (0|S)), for a pure Dp-brane in the bosonic N-torus

vol(A) = (4.3.19)

is of the form
VQ
I = L (4.3.20)
o' PVpny/(2/a)N

which gives the suggestive form
vol(A) = k3gp, + ki gp (4.3.21)

If any of ¢1, q2, q3, k1, or ky are zero then the constraints of (4.3.14)) are relaxed and
(4.3.13]) needs to be considered as well, so that (4.3.15) no longer represents all admissible
zero modes. However, vol(A) remains of the same form as (4.3.19)) in each case. For example,

if g =0 (g2 =q3 =1) then
3
® |TLZ', w,> = |m1, O> &® |k1m2, —k2m3> ® |k31m3, k2m2> (4322)
i=1

which corresponds precisely to the factorizable state |D0)) ® |koD2/k1DO0)) describing ko
D2-branes bound to k; D0-branes in the p?@3-plane. The special case k; = 0 and ky = 1

corresponds to a rotated pure D2-brane, with the associated boundary conditions solved by

3
® i, wi) = |gagzma, —q1ma) @ |q1gsma, —gama) @ [q1gama, gz(ma + m3)) (4.3.23)
i=1

Lastly, the case ko = 0 and k1 = 1 corresponds to a pure DO-brane where the boundary state
is |D0)) ® |D0)) & |D0)).

The other class of boundary states, the D1/D3 system, are T-dual to those of the D2/D0
system. Performing a T-duality transformation on all of the three bosons maps the boundary

state of ky D2-branes with area vector A given in (4.3.2) bound to k; DO-branes onto the
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boundary state of ky D1-branes with length vector

L = q2q3R1 o1 + quqzRo 2 + 12 Rs 93 (4.3.24)

bound to k; D3-branes. Applying the T-duality transformation rules (A.1.12)), the matrix
exponent of this second class of boundary states is found from (4.3.10)) to be

S0, ¢) == (15 +0(0,6) " b0, ¢) + RO, &) (Bss — ) RT(¢,¢)]  (43.25)

with a magnetic field

—k1V€iijk3(9/> ¢/)

V(0 — 4.3.26
7,]( 7¢ ) kgO/((]lqu?, cos 0’ + q3 sin @’ (q1R2 sin QSI + q2R1 COSs ¢/)) ( )
and angles
. 01923 g = qng (4.3.27)
\/(Q2CJ3R1>2 + (QIQ3R2)2 B

The admissible zero modes for all cases considered before for the D2/D0 system are given

by (4.3.15)), (4.3.22), and (4.3.23) with momenta and windings exchanged for each of the

bosons. Taking R; — o//R; for all i = 1,2,3 in (4.3.19)), the volume of the unit cell of A’ is

k2v2 k2€2 12
vol(A'y = LV ERTQ g2 | ga2 (4.3.28)

VR

Lastly, there are some boundary states of the D2/D0 system that are not covered by

the construction above; namely those where the D2-branes coincide with exactly one of the
p'-axes. For these we rotate the boundary state corresponding to ky D2-branes in the p!p?-
plane bound to k; DO-branes about the p'-axis, and all other D2/D0 bound states can be

found by suitable permutations of the boson indices. For a rotation angle

p3lis
P2y

tan& = (4.3.29)
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the D2-branes will have a corresponding area vector
A= _p3R1R3 %52 + sz1R2 (,53 (4330)
with a matrix exponent

S(€) = (13 +b(£) ™" [b(&) + Ri(§) (B33 — 9) RT ()] (4.3.31)

where the magnetic field is given by

_klalgiijlf3<§)

bij (6) - kQRl <p2R2 COSf -+ p3R3 sin f)

(4.3.32)
The admissible zero modes for this boundary state are
3
® [N, w;) = [kimy, ka(pama + psms)) @ | — kyma, kapama) @ | — kyms, kapsmy)  (4.3.33)
i=1

producing a normalization factor of the same form as (4.3.19)) for the area vector (4.3.30)).
Following again the transformation rules in (A.1.12)), the dual D1/D3 bound state has a
length vector

£ = —p3Ry Py + paR3 P3 (4.3.34)

for the D1-branes, which is a rotation about the ¢!-axis of the bound state with D1-branes

along the ¢3-axis by an angle

/ p3R2
tan¢’ = 4.3.35
: 2R3 ( )
The matrix exponent is then determined from (4.3.31)) to be
S(E)=— (13 +b(€)~" [V'(€) + Ri(€) (Es3 — g) RlT(ﬁl)} (4.3.36)
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where the magnetic field is given by

Uy (€) = e Ry )

— 4.3.37
kool (paR3 cos &’ + p3Rasin&’) ( )

The admissible zero modes are (4.3.33) with the momenta and windings exchanged for each

of the bosons, producing a normalization factor of the same form as (4.3.28)) for the length
vector (4.3.34]).

4.3.2 Transmission and entanglement entropy

With the normalization factors (4.3.19) and (4.3.28]) the only other physical quantity re-
maining in the entanglement entropy (4.2.26) is the total transmission 7; of the i-th boson.

From the matrix exponents (4.3.10)) and (4.3.36)), the transmission coefficients of the D2/D0

system are expressed in terms of the area vector of the D2-branes as

AR (A® — AD) (KA + Kfa”)

T (k3A2 + K2a)?

(4.3.38)

where A; = A - §; is the area of each of the D2-branes projected onto the plane with normal
;. For the D1/D3 system the transmission coefficients obtained from (4.3.38)) by T-duality

are expressed in terms of the length vector of the D1-branes as

T Ak (2 — 2) (K3V? + k3020)
z (k2V2 4 k320r?)’

(4.3.39)

where ¢; = £ - ¢; is the projected length of each of the D1-branes along ;. At this point we
have found all boundary states describing bosonic 3-junctions and their physical quantities
relevant to the entanglement entropy.

From the form of and the 2-th boson is seen to decouple either in the case
of a pure DO-brane or D3-brane, or when the area or length vector aligns with the '-axis.

Furthermore, we see that perfectly transmissive junctions (with respect to CFT;) are those
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where

A2 11 (ka2 2 1 1 kv
o — 2 = _ 434
A2 2 2 (/@A) o rT 23 (/@m') (4.3.40)

These conditions cannot be met for general real radii R; and coupling o/; solutions are only
possible when ratios of these real numbers are rational. The conditions simplify in the purely
geometric cases (k1 = 0), which are met by D1-branes and D2-branes whose length and area
vectors lie on any of the right angle cones about each of the ('-axes. From the form of
(4.3.40) we see that a completely transmissive junction (7; = 1 for i = 1,2, 3) can only occur

when ky #£ 0, kg # 0, and the quantities

klo/ klRiRj
4.3.41
k’gRiRj o k’QCE/ ( )
are all integers. The volume of the unit cell reduces to
k% 13 / 2 2
vol(A) = v 2 or  vol(A") =k7V - (4.3.42)

in these cases. This result is interesting, as the only the number of D-branes present in the
bound state enter into the entanglement entropy of the completely transmissive junctions.
Finally when any of the boundary states align entirely with a single plane, the entangle-
ment entropy reduces to the N = 2 results with an additional constant term corresponding
to the perpendicular factor of the decoupled boson. For example, for with k& = 0

and ko = 1 we have

Oé,

T =sin’2¢  and  T3vol(A')? = pip; I R2
1

(4.3.43)

which differs from (|1.2.23]) only in the additional constant boundary entropy of the Dirichlet

boundary condition along the ¢, direction.
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4.4 Discussion

The main new results are the generalization of the N = 2 interface entanglement entropy
of [21] and [22] to the case of N > 2 junctions, both for free boson (4.2.26]) and fermion
CFTs. An interesting property of the result is that the both the logarithmically
divergent term as well as the constant term only depend on the total transmission coefficient
T; from the i-th CFT (over which we trace in the entanglement entropy) and the zero
mode lattice constant vol(A), and thus constitutes the simplest possible generalization of
the N = 2 results. There is an additional term which is regulator dependent, independent
of the parameters of the junction, and absent in the N = 2 case.

The most natural extension of these results would be the calculation of the entanglement
entropy of CFTs A C {1,..., N} due to CFTs B = A. We would expect the entanglement

entropy result to change only by

To— Ta=> > Ty (4.4.1)
i€cA jeB
Most of the calculations of section would generalize straightforwardly up to
and , however we would not be able to perform the intermediate Gaussian integrals.
Instead, we would need to immediately pass the calculation to the determinant of a block
circulant matrix whose larger blocks would have more complicated structure.

It would also be interesting to verify that the Ramond junctions produce the same en-
tanglement entropy as the Neveu-Schwarz junctions, as [22] showed explicitly for N = 2. In
addition to the modification of the moding, the form of would include an additional
factor containing Grassmann Gaussian integrals relating to the linearization of the addi-
tional quadratic exponent in . Owing to the somewhat different anti-commutation
relations between the operators in this additional exponent, these Gaussian integrals have a

more complicated structure than those handled in this chapter. Due to modular invariance,

83



the K-sheeted partition function is expected to be

K—1
Z(K) ~ [n(2it)] N2 [0,(2it) KN T 6a(ve2it) (4.4.2)
k=1
which would indeed produce the same entanglement entropy as . One could also con-
sider interfaces carrying Ramond charge after performing fermion parity projections under
the total Z,"" symmetry, as was done in [22] for N = 2, although it is not clear how easily
this could be done for arbitrary N.

It may be possible to define a fusion product of junctions, e.g. an N-junction and an
N’-junction fusing in M common CFTs into (N + N’ — 2M)-junctions connecting the re-
maining CFTs. It might also be interesting to consider if the left /right entanglement entropy
calculations of [82,83,/100] can be extended to D-brane boundary states corresponding to
N-junctions.

In section 4.1 we have characterized the completely transmissive /N-junctions as those
enforcing twisted permutation gluing conditions. In rational CFTs we could generalize the
twisted partition functions of [77] to study “topological” junction operators and their entan-
glement entropy as in chapter [3]

One could also proceed with the type IIB supergravity solutions in [96] and calculate
the asymmetric 3-junction entanglement entropy holographically as in chapter 2l It would
be interesting to see if the remarkable holographic agreement in the BPS case between the
supergravity calculation and the toy model CFT (i.e. interfaces and junctions of single
¢ = 3/2 CFTs without reference to the symmetric orbifold) continues to hold for N = 3.
Exploring the case N = 4 would be more difficult, as there exist D-brane states there
that cannot be constructed using successive rotations and T-duality transformations of the
elevated N = 3 D-brane states. Also, the explicit supergravity solutions for N > 4 have not

been found.
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4.A Special functions

4.A.1 Theta functions and S-transformations

The fundamental theta function we use, sometimes called a lattice theta function, is

Op(r) =) e (4.A.1)

AcA

Poisson resummation yields the S-transformation
Op-(—1/7) = (—iT)¥2 vol(A) ©,(7) (4.A.2)

where A* is the lattice dual to A, vol(A) is the volume of the unit cell, and d is the dimension
of the lattice. When a basis of A is known; that is, when we have a set of d linearly

independent vectors {ei,...,€4}, €, € RV, such that

d
A= {Z m'e;
i=1

then vol(A) and the basis of A* can be computed directly. Let B be the N x d matrix whose

columns are the basis vectors €;. In terms of this matrix, the volume of the unit cell is

vol(A) = +/det (BTB) (4.A.4)

and the dual basis is taken from the columns of

1

B*=B(B"B)" (4.A.5)
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As in section sometimes only a set of generators of A is known; that is, when we have a

set of D > d real vectors {€, - ,€4,01, -+ ,0p_q} such that
d D—d
A= {Zm’ei +> 48 meZy ye r} (4.A.6)
i=1 j=1

where the €; are linearly independent and I is a finite subset of Zp_; (containing the origin).
Additionally we require that I' is chosen such that each point in A has a unique representation
in terms of linear combinations of the above form. This amounts to describing the lattice
in terms of a superposition of a finite number of distinct translations of a d-dimensional
sublattice with a known basis.

In either case the lattice theta function can be expressed in terms of more conventional
theta functions. The multi-dimensional theta functions with characteristics (see [101] for a

wide range of properties) are given by

o i[L Q(n+o n+o)-(z
0| " 1) = Q2[5 (nta) - Qnte)+nta) (=+6)] (4.A.7)
,6 nezZ,

where ) is a d X d matrix. Using Poisson resummation, the action of an S-transformation

is given by

0. (2] — O = Jdet (<) e 2rieBiminolag || (10 (4.A.8)
o B

For zero characteristics

0
O4(z|?) = Oy (z|2)
0

the S-transformation is reduced to

O4(Q'z] — Q1) = /det(—i2) €™ 7 04(2]Q) (4.A.9)

86



The zero characteristic theta functions are related to those with nonzero characteristics
through

(87 .
Oq| | (z|Q) = emilaRat2atzt8) @ (7 + Qa + 3|Q) (4.A.10)
B

When a basis is known, the lattice theta function can be simply written as
OA(T) = 04(TBTB) (4.A.11)

where by standard convention we omit the first argument when z = 0. For the case of a
given generating set we instead have

e™i/3 (BT By) ™' BY Byy

OA(T) =) Oy (re"™/3BY Byv|TBY By) (4.A.12)

~el 0

where By is the basis matrix for the lattice Ay generated by the set {€;} alone and By is the
matrix whose columns are the excess generating vectors d;. Setting 7 = ie for ¢ < 1 we

perform S-transformations to obtain

. 8_d/2 em~y-BY
@A(Z%’f) = m Z ™ Bs Bsy <4A13)
~el
0 —mi/3 (T -1 57 i T -1
X B4 ’ . e (BO BO) By Bsy | - (BO BO)
™3 (ByBy) By Bsy c
_ |F| —d/2 —p/e
= Wl (1 + O[E}) (1 +0le ]) (4.A.14)

where p is a positive number independent of e. Comparing this to the leading order behavior

of (4.A.2)) for 7 = ie we obtain
VOl(Ao)

vol(A) = I

(4.A.15)

From this relationship we can determine the volume of the unit cell of A from a set of
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generators.
Lastly, some special consideration is warranted for one-dimensional theta functions. For
the case d = 1 we use a lowercase theta, replace the matrix argument 2 with a complex

variable 7, and define ¢ = e?™ for notational simplicity

Ola, B)(z|T) = 64 (z|7) (4.A.16)

The one-dimensional theta functions can be written in the form of an infinite product

[e.e]

; 2 1 . 1 )
9[@,5](2‘7’) _ €2ma(z+5)qa /2 H (1 . qn) (1 + qn+a2€2m(z+5)) (1 + qna262m(z+ﬁ)>
n=1
(4.A.17)
such that the usual Jacobi theta functions
91(Z|7'):—9[é,%](2’|7'), €2(2|T)=0[%,0](2|7’),
05(z|7) = 0[0,0](z|7), 6ba(z|7) = 0[0,%](z|7) (4.A.18)

have sum and product forms

1 ] o
01(z|7) = —i Z (=1)""2¢" /2> = 2sin(nz) ¢'/* H (1—¢") (1 —2¢" cos(2m2) + ¢*")

1 =1
nEZ+§ "

Oy(z|T) = Z ¢ 2™ = 2 cos(rz) g3 H (1—¢") (1 +2¢" cos(2m2) + ¢*")

nEZJr% n=1

O5(z|T) = Z g = H (1—q") H (1+2¢" cos(272) + ¢*") (4.A.19)
n=—-0o0 n=1 nENf%

O4(z|T) = Z (—1)”q”2/262”i"2 = H (1—4q") H (1 —2¢" cos(2m2) + ¢*")
n=-—00 n=1 nENf%

88



and S-transformations given by

4.A.2 Dedekind eta and related functions
The Dedekind eta function is
nr) = [T —q") = Y (~1)rg@ D
n=1 n=—oo

and has the modular transformations

n(r +1) = e12 (1)
n(=1) = v—irn(r)

Two related functions

o

H (14+4¢") and H (1+4¢")

n=1 nGNf%

can be written in terms of the Dedekind eta and other Jacobi theta functions as

ad 1
H 1+q¢")=q b2(7)

H (1+¢") 4i 93(7)

nEN—
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4.A.3 Bernoulli polynomials and dilogarithms

The Bernoulli polynomials are explicitly given by

bm<x>:§_%njlk§%<—1>'f : (& + k)™

These polynomials are generated by the function

and satisfy the derivative property

b, (x) = mby,_1(x)

m

(4.A.27)

(4.A.28)

(4.A.29)

for m > 1, and thus the Bernoulli polynomials form an Appell sequence. The values of these

polynomials at zero are called the Bernoulli numbers b, = b,(0).

numbers are

For n > 1 we have the following relations

2l dt
bap = b2y (1) = 4n (—1)n/ T oot

0

bont1 = bapt1(1) =0
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(4.A.30)

(4.A.31)

(4.A.32)

(4.A.33)



Combined with these expressions for the Bernoulli polynomials and numbers, the sum iden-

tity

K-1
k™ = “mll = (4.A.34)
k=1

can be used to analytically continue functions of the form
= Kz_l f i (4.A.35)
- k=1 K o

where f(x) is analytic at x = 0 and whose series expansion converges everywhere on the

interval [0, 1]. If f(x) has these properties we can write

< fm)
=2 ﬁ [bm+1(K) = bm1] (4.A.36)

so that in the last line of the above F'(K) is now explicitly an analytic function of K (except

at K = 0if f(z) is a nonlinear function). More so than F(K') we are interested in

mle (m + 1m')Km“ b1 (K) = b mf: m:nKm m(K) (4.A.37)
and
P - (1) = 10) = 30 W, )
2
- —%f’(@)—zi%(_mfg
; / e 1 — ezms ) 4 (4.A.38)
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In [21] and [22] (4.A.38]) was calculated for

fros(x) = Dy arccos?(ssin7z)  and  frem(T) = o arcsin?(s sin 7z) (4.A.39)
7r T

Explicitly, if we define A(s) = F(1) — F'(1) for the s-dependent f(z) in (4.A.39)), then we

arrive at the integrals

Apos(s) = =5 — s / * sinh ! (s sinh wt) cosh t(coth mt — 1)
! 0 V1 + s2sinh? it
1 [ 2 2 _
=1 s / 0 (4.A.40)
4 T Jo 21+ 22

and

Agerm (8) = 25 /00 " sinh™* (ssinh 7t) cosh 7t
0 V1 + s2sinh? 7t

2 [

= Z———

o 2/1+22

sinh™! 2 (4.A.41)
s

where the substitution z = ssinh 7t has been applied. Upon differentiating twice with respect
to s both expressions for A”(s) simplify to a common integral which can be evaluated in

terms of elementary functions; i.e.

1 [ inh ™' 11

Al (s) = -+ / g 2o 2 1 logs (4.A.42)

™ Jo V(L+22)(s2 4223 ml=s
and AL (s) = —Al(s). Twice integrating the above we can write
1
Apos(s) = Py [(s+1)log(s+ 1)logs+ (s — 1) Lis(1 — s) + (s + 1) Liz(—s)]
Alesl0) = 75 ) 5+ Aon(0) + 75 4.A4
 (D4(0) = 75 ) 5+ Bon(0) + 75 (1.A.43)
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where the dilogarithms appearing in the above are defined by the series

Lis(z) = i Zz (4.A.44)

T

The presence of dilogarithms in (4.A.43)) is due to the matching of the integral representation
w

Lig(2) = — /0 P Gl (4.A.45)

with the first integral of the right-hand side of (4.A.42)); the second integral is then evaluated

with the help of the identity
/dz Lis(2) = zLis(2) — 2 — (1 — 2) log(1 — 2) (4.A.46)

In (4.A.43) the integration constants have been written to be matched to the behavior
of Apes(s) at s = 0 (the series definition (4.A.44) gives Liy(0) = 0, Lip(1) = 72/6, and

Liz(—1) = —7?/12), with a similar expression for Age,(s). Expanding (4.A.40) and (4.A.41))

to first order in s, we see that

Apos(0) =0, AL_(0) = % and  Apen(0) =0, AL_(0)=0 (4.A.47)
In the notation of section [£.2] the results are
o(1) — J(1) = ga(s) - % and  9(1) — (1) = ga(s) - 23 (4.A.48)
where o(s) is given by
o(s) = é Fo+ 3 [(s 1) Tog(s + 1)log s + (5 — 1) Lia(1 — 5) + (s + 1) Lin(—)] (+.A.49)
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The behavior of o(s) near s = 0 and s = 1 can be calculated straightforwardly utilizing

(4.A.45)), giving

. S 1 2 47 ]._]_ _ _ 1 _ 2 1 _ 3 Y
o(s) = 5T 5 (2logs — 3) s°+0[s"] = 371 (1—3s) 53 (1—5) = (1—s5)"+0[(1—s)%
(4.A.50)
4.B Intermediate Gaussian integrals
4.B.1 Bosonic integrals
In the following we repeatedly use the one-dimensional complex Gaussian integral
* — _azzZ+bz+tcz 1 —bc/a
dzdz e =——e (4.B.1)
o a

in order to integrate out all of the dependence on the i-th integration variables in (4.2.13]).
This will involve isolating linear factors of these variables in the exponents of (4.2.13) in
order to combine them via . We show some of the details of this process below.

(k) (k)

ni TLl

of (4.2.13)) are rewritten as

Focusing on the z integral for an arbitrary fixed k, the linear terms in the exponents

g Z(lzz w® + 8,2 )=< stw ) + (5ol 20+ Y 5l

JF#i
(4.B.2)

PN (sl 5 ) 0 ST sl s (0 Tl )
l

JFr 1

+q" Y Szl oY (4.B.3)
YR
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in order to isolate the z ) and Zs ") factors. Applying (4 to all the z( ) Z(I?) integrals

nu

then yields the new exponential terms

(qnzsing;)> ( St + ¢ > Syw,; Ik 1)>
j

JFi

J#i

( 285> Syl Y ) wi) + ¢ Sy Sl @l Y (4.B.4)

J#i Jl#i

(k

where we have isolated the w,; and w factors for the next round of integration.

) gtk integral for an arbitrary fixed k, the quadratic term of

ni ni

Focusing now on the w

the exponent is now w(

w /D after the z,, Z,; integration, where D, = (1 — ¢*"S2)~1.
The remaining linear terms in the exponent are the above linear terms above in addition to

those that spectated the z,;, z,; integration

(O S0 PERY 0 wENCED RECEV o C BRI

J#i J#i Jil#i
(4.B.5)

so that applying 1} to all the wm , w( ) integrals then yields the new terms
J#i j#i j#i j#i

At this point there are no linear terms remaining that mix variables with the same value of

k. Once the above terms are simplified and all indices shifted so that k and k + 1 are the

only indices that appear, we recover (4.2.14}) and (4.2.15]).
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4.B.2 Fermionic integrals

In the following we repeatedly use the one-dimensional complex Grassmann Gaussian integral
_ /dn dij e BN+ — (o o Bv/a (4.B.7)

for constant a and Grassmann-valued § and -, in order to integrate out all of the dependence
on the ¢-th integration variables in (4.2.40)). This will involve isolating linear factors of these
variables in the exponents of in order to combine them via . We show some
of the details of this process below.

Focusing on the 777(1];), 77,(5) integral for an arbitrary fixed £, the linear terms in the exponents

of (4.2.40]) are rewritten as
Zq Z ( Unm an + Sjlnn] X;z))

k n —
( Zq ZSUXTL]> nm + 7]( : (Zq ZZXfu)> + Zq Zsznn] ng) (4B8)

J#i

and

Zq Z Z < ]lnn] an + S]nnl Xn] ) - Zq Z Z S]lnn] ani ) (Zq Z SZJXSE ) >

I j#i I j#i J#i

+1q" ZZSU%Z X(k b (4.B.9)

l#i j#i

in order to isolate the ngz) and 777(1]? factors. Applying 1) to all the 77,(1]?, 777(1]? integrals
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then yields the new terms

- on k n k
J

J#i

2 SZQan an) + X( ) <_q2 S’L’LZSZJX’SL])> < 2 SZZZSZ] n] )> Xm

JFi JF

+ q2n Z Z SzJSlenj an <4B10)
l#1 j#i

where we have isolated the sz)

Focusing now on the ng), xg’? integral for a arbitrary fixed k, the quadratic term of the

exponent is now Xm)ng /D,, after the n,;, 7j,; integration, where D,, = (1 + ¢**S%)~'. The

and ;zfj? factors for the next round of integration.

remaining linear terms in the exponent are the linear terms above in addition to those that

spectated the n,;, 7,; integration

0 (o sl ) + (s S i s (5 455

J#i J#i I#i j#i
(4.B.11)

so that applying 1} to all the Xff;), )Zfl]z) integrals then yields the new terms

n <ZC] Z S]Znn];+1 - q2nSM Z SUXn] ) ( Zq Z Sjlnn] - anS“ Z Sl]Xn_] >

J#i J#i J#i J#i
(4.B.12)

At this point there are no linear terms remaining that mix variables with the same value of

k. Once the above terms are simplified and all indices shifted so that & and k + 1 are the

only indices that appear, we recover (4.2.41]) and (4.2.42]).
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4.C Calculation of determinants

In the determinant calculations there are two special forms of (equal-sized and square) block

matrices that we encounter, those of the block circulant form

MO Mnfl Mn72 T M2 Ml
M1 MO Mn—l te MS M2
M, = ? ' ’ ! ’ (4.C.1)
Mn—2 Mn—3 Mn—4 e MO Mn—l
Mnfl Mn72 Mn73 e Ml MO

and 2 x 2 block matrices. The determinant of the block circulant matrix was shown in [102]

to be

n n—1
det M,, = [ ] det (Z e2j’m/”Mj> (4.C.2)

k=1 §=0
This result is remarkable as (4.C.2) is of the same form regardless of the size of the matrices
M;, including when they reduce to scalars. In general, determinants of block matrices only

exhibit similar behavior either when all block entries commute [103], or when certain blocks

are invertible and commute. Consider the 2 x 2 block matrix

A B
C

(4.C.3)

with A, B, C, and D all square matrices of the same dimensions. If A is invertible, then the

decomposition

A B Ao\ (1 A'B
_ (4.C.4)

C 1 0 D-CA'B
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leads to the determinant equation
A B
det = det A det (D — CA™'B) (4.C.5)
D
If we also have that [A, C] = 0 then the determinant reduces to

A B
det =det (AD — CB) (4.C.6)
C D

while if [A, B] = 0 the determinant becomes

A B
det = det (DA — CB) (4.C.7)
C D

Similar results holds if D is invertible and [C, D] = 0 or [B, D] = 0.

4.C.1 Bosonic determinant

Beginning with the matrix defined in (4.2.17)), (4.2.18]), and (4.2.19) we apply (4.C.2) to

obtain

K
det My = Hdet (Law—a + 2mik/K o | e—zm'k/KCT)
k=1

Loy o+ X QU, >k EY @ob

K
= ] ] det | (4.C.8)
k1 e~ 2mk/KYT & 63 1oy 0+ Z @ U,

where

Up = cos(2mk/K) 15 + isin(27k/K) 0* = exp (2wiko® / K) (4.C.9)
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In order to analyze the structure of the 2 x 2 block matrices above, we calculate a few

properties of the blocks (4.2.19))

Tr[X]=Tr[Z] = —¢*"D, (1 - 5}) (4.C.10)
X?=—-¢"D,(1-8})X, Z°=-¢"D,(1-5%)Z (4.C.11)
(XY)ji=(YZ)j=—¢"D;Si (1 — ™) SjiSa (4.C.12)
YYT = ¢y + D, (1-¢"Sh) X (4.C.13)

YUY = ¢ 1ly_1 + Dy (1—¢"S3) Z (4.C.14)

From (4.C.11)) we see that det X = det Z = 0, and hence X and Z are not invertible.
However, employing the matrix logarithm, the Mercator series, and the geometric series we

find

_1)m
m

N

det (12]\7_2 + X X Uk) = exXp (—

= exp (—

=1-2¢""D,(1 — S3)cos(2mk/K) + ¢""D2(1 — S2)*  (4.C.15)

Tr[X™] Tr[U,T])

3
I

% (q2nDn(1 . SZ))m (627rimk/K + 6—27rimk/K)>

NE

1

3
Il

= det (loy_2 + Z @ Uy)

Thus 1oy 2+ X ® Uy and 1oy o + Z ® Uy are both invertible. A very similar determinant
calculation using (4.C.13)) and (4.C.14]) shows that det Y # 0 and hence Y is invertible. At
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this point we make the decomposition

e~ 2mik/ Ky T ® o> lon o+ Z @ Uy

e27rik/KBk 627rik/KY ® o3 62m'lc/KY' ® 0.3A];1 0
(4.C.16)
lon—2 lan2+Z @ Uy Iyor @ (e — @A) lav—o
with matrices
Ay =¢"1,— D, (1-¢"S;) U (4.C.17)
and
By=Y®dc" (LL+(1—¢"A") + XY @ Uy 4, (4.C.18)

Now using (4.C.16|) and (4.C.7)), the determinant can be reduced to

K
det My = [ [ det [Bi (Y™ @ Awo®) + By (Z@ Uy) (Y @ Apo®) — 1y_1 @ 0° Ao

k=1

K
. 2 21k /K) — ¢*" — 1
= H (1 - q2n)2N Qdet <12N—2 + COS( 7T1/_ 32n a X ® 12>
k=1

K
= DX H (1 — q2")2N74 [1 -2 (SZ + (1 — SZ) COS(Q?T]C/K)) ¢+ q4"]2 (4.C.19)
k=1
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4.C.2 Fermionic determinant

In this case the block entries (4.2.19) and their properties in (4.C.10)) through (4.C.14]) are

modified by ¢" — —iq¢"™. We proceed in a similar manner to the previous section, where now

K
det My = H det (12N,2 ® %+ T EC — e_Q”ik/KCT)
k=1

K
= H det
k=1

_6727rik/KYT ® o3 Iy 1 ® o? +Z® Uk02

K . omik/K 1
lan o+ X ®U ie Y ®o
— (—1)V R TTdet [ ‘ (4.0.20)

k=1 je2mik/Ky T ® ol loy o+ Z® Uy
with Uy as in (4.C.9). Making the decomposition

loyo+ X @ Uy _Z'e2m'k/KY ® ol

ie ™ HEYT @ ol lan s+ Z @ Uy,

-1

—’i627rik/KBk _,L'eQWik/KY ® 0.1 _Z-€27rik/KY ® O.lAlzl 0
(4.C.21)
Loy—2 Loy 2+ Z @ Uy Ino1 @ (Lo + g™ A7) lan—o
with matrices
Ay =—¢"1,— D, (1—¢"S;) U, (4.C.22)
and
By=Y®c" (LL+(1+¢MAY) + XY @ U AL (4.C.23)
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we use (4.C.21)) and (4.C.7)) to reduce the determinants to

K
det My = (_1)2(N—1)K H (1 n qgn)QN—2 dot

( 2cos(2rk/K) + ¢** — 1
Lon—2
k=1

1+ g2 X®12>

K
= D2 (1PN (1 + )™ L4 2(S2+ (1 - 52) cos(2nk/K)) ¢* + ¢
k=1

(4.C.24)
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Chapter 5

Holographic Topological Interfaces

In chapter [2| when we considered holographic duals to conformal interfaces in the form of
deformed geometries it is notable that for no moduli were these geometries dual to topological
interfaces (both solutions select k; = ko = 1, leading to no nontrivial values of the parameters
in which the topological conditions in the boundary CFT are satisfied). This is unsurprising,
as deformations of the bulk require energy and thus one would not expect to be able to freely
deform between them; a key property we expect to be a feature of the bulk theory dual to
a topological interface. Thus we seek to explore holographic duals to topological interfaces
along a different direction, i.e. in terms of bulk interfaces of topological CS matter theories.

When one considers co-dimension one interfaces between two theories or boundaries of
a single theory, the variation of the action can pick up terms localized on the interface or
boundary. In order to obtain a good variational principle it may then be necessary to add
counter terms to the action which are localized on the interface or boundary. For topological
field theories this can lead to the introduction of non-topological degrees of freedom, and this
procedure is indeed what causes the relation of CS theory on a 3-manifold with boundary
and chiral WZW theories on the boundary [59,/104]. On the other hand, as shown in [65],
for Abelian CS theories it is possible to impose topological boundary conditions, where

no counter terms are necessary. Since any interface between two theories can be mapped
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into a boundary by the folding trick [19] this statement implies the existence of topological
interfaces in CS theories [105]. The aim of this chapter is to study some implications of such
CS topological interface theories in the context of the AdS/CFT correspondence and relate
them to topological interfaces in the dual two-dimensional CFT.

The structure of this chapter is as follows: in section [5.1] we review the construction
of topological interfaces in CS theories on general manifolds (see section for a review
of well-known aspects of pure CS theory and its holography). In section we relate
a topological interface in the bulk of AdS3 to the boundary by utilizing an AdSs slicing of
AdSj5. In order to identify conserved currents in the CFT the dual currents need to have both
holomorphic and anti-holomorphic parts. To accomplish this we generalize a construction
first given in [106] to show that in general it is possible to obtain a topological interface in
the boundary CFT from a topological interface in the AdSs; bulk. In section [5.3| we briefly
discuss higher-dimensional generalizations of this construction. We close with a discussion

of open questions in section [5.4}

5.1 Background

In this section we will review the recent construction of topological interface conditions for
CS theory given in [65]] We will be mainly following the treatment given in [105]. We
divide the total 3-manifold M into two parts M = M Uy Mpz with joining interface X.

The U(1)N CS action is now divided into two parts

1 1
Ses = — KB / ADT A gA®” 4 K / ABT A gA®? (5.1.1)
ML MR

47 T

with in general different level matrices K“) and K® . If the manifold M has a boundary we
have to add an appropriate boundary term. In this section we will focus on the topological

interface matching conditions which relate the A and A" gauge fields and postpone the

'For related work in the condensed matter literature see, e.g. [107-111].
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discussion of the boundary terms to section [5.2.3

A topological interface is defined such that the canonical symplectic one-form
1
© = 3Scs|onshell =~ /Z (K}?A@)I ASADT — KB 4B\ 5A(R)J) (5.1.2)

vanishes on shell on a half-dimensional subspace of the phase space without the introduction
of additional contributions coming from counter terms localized on Y. These bulk boundary

conditions are determined by two N x N matrices v(&) and v which implement the matching

condition
O (L) A(D) = BT () A(R) B (5.1.3)
and must respect the gluing condition
DT @@ — BT (R (R) (5.1.4)

Since the above gluing condition does not have unique solutions, we additionally demand
that the v¥) and v®) satisfy a primitivity condition. This translates to the condition that

the N x N minors of the 2N x N matrix

P— (5.1.5)

all have a greatest common divisor of 1. The theories we’ll consider will be those with
nonsingular level matrices, and taking the determinant of shows that in such theories
the matrices v and v are then either both singular or both nonsingular; we’ll only
consider interfaces where the latter is true.

As an example of matching conditions between theories with unequal level matrices,
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consider the case

1 0 1 0
KW = kn? and K% = n2 (5.1.6)

0 -1 0 -1

where k,np,ng € Z and we assume that ny and ny are relatively prime. There are two

types of primitive matching condition matrices satisfying (5.1.4)), either

ne 0 nr 0
U%L) =ng " and U§R) =ny 5 (5.1.7)
0 0 7y
or
O ,r)// 0 ,r)//
véL) = ng g and véR) =ny f (5.1.8)
0 m 0

where 1, 05,07, MR, MR, N = £1. In terms of the matching condition

AD| = MR 4B (5.1.9)

following from (5.1.3) and (5.1.4]), we have that

/)
B B ) e R
0 "0
(5.1.10)

While the diagonal level matrices of (5.1.6) do not allow for matching conditions that mix
the gauge fields of different levels, in general diagonal level matrices do. For example [105],

the continuous level matrix

KY = KW — (5.1.11)
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with n, m relatively prime, allows for the primitive matching condition matrices

5.2 Topological interfaces in the AdS bulk

In this section we discuss how a topological interface in the bulk CS theory can be related
to topological interfaces in two-dimensional CFTs via the AdS/CFT correspondence. We
will first briefly discuss an important gauge choice for our investigations in section [5.2.1}
then show the holographic incompatibility of the standard choice of CS counter terms with
general bulk topological interfaces in section In section we develop a non-standard
CS counter term, and in section [5.2.4] we show that this counter term is holographically

compatible with general bulk topological interfaces.

5.2.1 AdS; slicing

A useful coordinate system to work with is that of an AdS; slicing of Ad.Ss, which we reviewed
in section . In the coordinate system (|1.3.9)) we locate the CS topological interface at
p =0 and My g are given by the half-spaces y < 0 and p > 0 respectively (see figure .
In this coordinate system we can impose the gauge Aﬁ = 0. It then follows from the flatness
of the connection that the non-vanishing components A, ; are independent of y and hence
the connection at the CS interface can be trivially related to the connection at the boundary
component of AdSs. Note that due to the fact that the CS action is topological there is no
backreaction on the metric, which remains unchanged from . This is to be contrasted
to the case of Janus solutions involving massless scalars [45,48], where the metric will be

deformed.
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5.2.2 Simple holomorphic example

In the following we consider the boundary counter terms discussed in section [1.3.2] which

lead to purely holomorphic U(1) currents (|1.3.30)) and stress tensor ((1.3.31)). We utilize the
AdS; slicing coordinates given in ((1.3.9)) and locate the topological interface ¥ in the bulk at

1 = 0 with the left and right CS theories in occupying p < 0 and p > 0 respectively.
As discussed above, the gauge A, = 0 allows for A,,a = z,¢, to be trivially continued to
the AdSs; boundary at 1 = 00 and compared at the location of the CFT interface at 0.
Using this, the matching condition at the bulk topological interface translates into

the following condition for the currents
©T 7 RN\T 7(R
(v®) " JL )}az == (") JL )}az (5:2.1)

We can use this matching condition to relate the holomorphic stress tensor for the left and

right CFTs at the location of the interface

T
(J(L)) K(LI)J(L) _

JENT 1) (5.2.2)

where in the last line we used the gluing condition ([5.1.4]) for the K matrices. It follows from

the definition (|1.3.31]) that the holomorphic components of the stress tensor are continuous
L _ (R
T8, =T, (5.2.3)

which is the first condition in ((1.1.7) a topological CFT interface must satisfy. However,

in the purely holomorphic formulation discussed so far it is not possible to construct the
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anti-holomorphic stress tensor and hence verify the second condition in 1} Even

L.R)) " where we

when the level matrices decompose according to KR = k(R g (k!
can choose to source holomorphic currents from the gauge fields mixed by k%) and source
anti-holomorphic currents from the gauge fields mixed by —k=®) . there are problems with

the continuity of the stress tensor components. To see this, let us write

- a(LR)
A = 5.2.4
st = | (52.4)
so that we have
ﬁhmzzj;whma§ﬂ>zmd jen - L pamn) (5.2.5)
27 27
and the stress tensor components are given by
TZ(ZL,R) _r JéL,R)(k(L,R))—ljéL,R) i i &gL,R)l%(L,R)dgL,R) (5.2.6)
2 8
1 - - -
Tgﬁﬁzg—agﬁwﬂﬂmgﬁﬁ+gJSBMHLmydébm (5.2.7)
Y8

One can check that (5.2.6) and (5.2.7)) are separately continuous for the matching conditions

(5.1.10)), but not for those of (5.1.12)). Generally, the stress tensor components produced by

these counter terms will only be separately continuous if the matching conditions decompose

according to

_Dy® T

Voo
(5.2.8)
0

1%

2If the interface condition is conformal and satisfies (1.1.1)) the holomorphic condition (5.2.3)) implies the
anti-holomorphic one.
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which from the matching conditions on a“®) on 9%

(L) (R)
o7 2ml: ‘ S o ) (5.2.9)
—/;’(L)dgL) ox _];(R)agR) ox
/{;(L)a(EL) k(R)a(ER)
Py ‘ = @7 ‘ (5.2.10)
—orJb) | 0% VAl L

we see is related to the possible mixing between holomorphic and anti-holomorphic boundary
currents and the remaining components of the bulk fields. With counter term choices like
(11.3.28]) we will always have this problem owing to the fact that the holomorphic and anti-
holomorphic currents are independent from each other. This is the reason why we generalize
the counter terms in the next section in order to obtain a conserved current with both

holomorphic and anti-holomorphic parts.

5.2.3 Pure CS counter terms and conserved currents

In [106], an interesting counter term was chosen in order for the bulk CS theory to source a
boundary current whose components had a common dependence on the boundary values of
the gauge fields. This boundary current was constructed such that there is no chiral anomaly
as a result of the flatness of the gauge fields which source it. Specifically, the action of the

theory is given by

(e

S = ﬁ/ (ANdA—ANdA) + ﬁ / A’z (A, A; + A A; — 2A:A,) (5.2.11)
AT oM

where the first two terms in the counter term allow A and A, to be fixed on the boundary

and the final term is chosen to produce a conserved current; i.e. the boundary currents

5S k .
:Mz:%(AZ_AZ)) and - J; =

J

N = o (A: — Az) ) (5.2.12)
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can be regarded as components of a single current satisfying

k
"= 5

™

K@&—@&ywa&—@&ﬂLM:o (5.2.13)

by the flatness of A and A. If we want A and A to source left- and right-moving currents,
respectively, then is the unique counter term for which such a conserved current can
be constructed; however, if we make no assumptions about which gauge fields source the
left-moving and right-moving currents then larger classes of counter terms are possible.
Consider the pure CS action ([1.3.24]) of 2N gauge fields in AdSs, with the addition of a
generic quadratic counter term. Making use of the Hodge star on OM, we can write such a

counter term in the coordinate invariant form

1
Scr = — (X]J*AI/\AJ—FY}JAI/\AJ) (5.2.14)

8T Jom

where here X and Y are symmetric and anti-symmetric 2N x 2N matrices, respectively. The

variation of the total action is then given by

1
§Siotal = — / # [ X A"+ (K +Yy) =« AT) A6A7 (5.2.15)
4 Jom

Decomposing the term in the brackets above in terms of its self-dual and anti-self-dual parts,
we see that in order to allow for a well-defined variational principle consistent with N left-

moving and N right-moving boundary currents it must be the case that the matrices
PL=X4Y+K (5.2.16)

each be half-rank. Furthermore, the nullspaces of these matrices and their transposes de-
termine the boundary currents and the gauge fields which source them. Specifically, the

left- and right-moving boundary currents will correspond to combinations of the gauge fields
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valued in the orthogonal complements to the nullspaces of PT, Null(Pl)!; and the com-
binations of the gauge fields sourcing them will be valued in the orthogonal complements
to the nullspaces of Py, Null(Py)+. Thus, for a well-defined variational principle we must
specifically have that Null(P,) U Null(P_) = R*¥ and for it to be possible to construct N
conserved currents we must have Null(PT) = Null(P?). Such matrices can be constructed
from a spanning set of vectors {v;", v; } and another set of linearly independent vectors {w; }

and setting

N
PL =Y vfw' (5.2.17)
=1

where the {v;} form bases for Null(P.)* and the {w;} form a basis for Null(P{)*. Further-
more, consistency with (5.2.16|) constrains the possible vectors in ((5.2.17)). First, if

X =_(Pl+PT) (5.2.18)

l\DIH

is to be a symmetric matrix then we must set w; = v;” + v;. Then, writing K in spectral

form as
N
K = Z (k;rufu;ﬂ - ki_ui_ui_T> (5.2.19)
i=1

where u;t are the unit eigenvectors corresponding to the positive and negative eigenvalues
+kF of K, we see that
1

5(JD;f—J.’D_T)Jr%(JD }

K =

i( T —U;T> (5.2.20)

=1

N | —
l\')l’—‘

determines the possible {v} to be given by

=M " (5.2.21)

where M is an arbitrary O(N, N) matrix acting on the {I} coordinates in some ordering
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{i,i+ N}.
In terms of the solution (5.2.21]), the variation ((5.2.15) can be written as

0S5 = [ (J 45T ) NOA; + 5 (J' = J") AN OA;] (5.2.22)
oM

with the fields sourcing the self-dual and anti-self-dual currents being

Ai=¢ (U*)IAI =¢ (MUA), and A;=—¢ (v-_)IAI =—¢; (MUA)

7

(5.2.23)

i+N

where the ¢; are arbitrary proportionality constants and the matrix U is constructed row-wise

as
U= (5.2.24)
2k u;

3 K3

In terms of the A; and A;, the currents are given by

1 _
J = A, — A, 5.2.25
: 2mc? ( ) oM ( )
As advertised, we have that
dxJ,= (dA; —dA;)) | =0 (5.2.26)
2mc? oM

~

by the flatness of the gauge fields. In terms of ((5.2.23)) and (5.2.25)), the counter term can

be written as

S —/ T Jip kgt — AT A (5.2.27)
CT — o 2 ) 47'('2 i el

7
from which we see that the stress tensor is of the Sugawara form, given by

2

9 g N%
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In flat coordinates, the non-zero components are

2 2
T, — _T% iy and T,. = T gig (5.2.29)

92 2,z - 9 zYi,z

5.2.4 Interfaces with conserved currents

In order for an interface to preserve the stress tensor components ([5.2.29)), the matching
conditions on the gauge fields must act as an O(N) transformation on the ¢'J*. Specifically,

if the boundary conditions on the fields are
AP = A7 AR (5.2.30)

then we are concerned with the matrix A implementing the conditions on the ¢ '4; and

—1

1 (L) _ A1) 1 (R) (R)
()(Az —A ) A ()(Az —A )
“ T =A o o (5.2.31)
5 (A" + A) “m (A + A7)
given by
.11 4 (1 1
A= MOU@A (MO @)~ (5.2.32)
1 -1 1 -1
Thus, in order for the matching conditions (5.2.30)) to act as
Mg = g7 I g (5.2.33)
for some S € O(N), the matrix A must decompose according to
- S 0
A= (5.2.34)
Aar Mg
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Writing ((5.1.4) in terms of A and utilizing the spectral decomposition of the level matrices,
we see that the combination

My = UPA(U)™ (5.2.35)

is always an O(N, N) matrix, from which fact we determine that all solutions obeying ((5.2.34))

are given by
_ S 0
MO My (MENY T = (5.2.36)
0 S

The above shows that there is always enough freedom in the choice of counter terms on the

left and right theories to produce a continuous boundary stress tensor.

As an example, for N =1 ([5.2.36)) implies that

(L), (R)
My =+M"; " (A - \@)) (5.2.37)

n--n

where

cosh A sinh A ny 0
M (\) = (5.2.38)
sinh A cosh A 0 n_

is a general O(1,1) element. We will consider two examples of N = 1 bulk interfaces, the

first of which are

m 0
My=|" (5.2.39)

0
for the matching conditions respecting the gluing conditions of the level matrices (/5.1.6]),

where 71,7, = £1. In order for 1’ to be obeyed, we must have 17(+L)77(+R) = =+,

n(_L)n(_R) = 41y, and AP = \(B) As a second example, we consider
n n?
My = " m (5.2.40)
neln

for the matching conditions respecting the level matrices ([5.1.11)). This time, the condition
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(5.2.37) sets ') = n'" = £ = 19 and AB) — XD = arccosh (n/m).

5.3 Higher-dimensional generalizations

We can consider higher-dimensional generalizations of three-dimensional CS topological field
theory. The most straightforward generalization exists in d = 4n + 3 dimensions with n > 1,

utilizing (2n 4 1)-dimensional anti-symmetric tensor fields

K

S = / B' A dB’ (5.3.1)
dm Man+3

For n = 1 the matrix K is symmetric just as for the three-dimensional CS theory, and the
theory describes the topological sector of (2,0) theories on M5-branes. This topological field
theory has been studied in the past, see e.g. |[112-114]. Following the three-dimensional
example we can consider a (4n + 2)-dimensional interface X separating two AST theories
with different K matrices living on My g respectivelyﬂ

(L) (R)
Sint = Ry / B®' AaB® 4 KA/ BB A gp®’ (5.3.2)
ar AT Sy

A topological interface with a good variational principle would, as before, have a vanishing

symplectic one-form
1
© = 35 onshen = —7— / <K§§>B<L>I NGB! — KB p®ET 5B<R>") +Ocr  (5.3.3)
TJs

with matching conditions which restrict the AST fields to a half-dimensional Lagrangian
subspace. A topological interface condition is given when no counter terms which depend on
the induced metric on the interface 3 have to be added. While there are many mathematical

subtleties in the exact treatment of these theories [113]/115] it seems likely that topological

3For theories in d = 4n + 1 with 2n-dimensional AST fields, the matrix K is anti-symmetric and the
analysis of topological interface theories does not parallel the CS case.
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interfaces can be constructed for these theories, and it would be interesting to investigate

what would be the analog of the two-dimensional topological interfaces for the boundary

theories when ([5.3.2)) is placed in AdSy, 3.

5.4 Discussion

In this chapter we placed Abelian three-dimensional CS theories in AdSs; and related the
topological interfaces in this theory to topological interfaces in the boundary CF'T. In order to
obtain both holomorphic and anti-holomorphic currents and stress tensors, we generalized
a construction which produces conserved U(1) currents with both holomorphic and anti-
holomorphic components in the boundary. There are many open questions which would be
interesting to pursue. The relation between CS theories and rational CFTs generalizes to
non-Abelian CS theories (and WZW models); does the relation of topological interfaces in
bulk and boundary theories generalize to this case? The first step in answering this question
involves generalizing the classification of topological interfaces in Abelian CS theories [65]
to the non-Abelian case. One very important property of topological interfaces in two-
dimensional CF'Ts is that they have a nontrivial fusion product, which can be constructed
by bringing two topological interfaces close together. It would be interesting to understand
what the analog of this product is on the bulk side. The higher-dimensional generalization
is also very interesting, in particular whether the topological interfaces — if they can be

consistently defined — have any interpretation or application in the M5-brane (2,0) theory.
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Appendix A

CFT conventions

In this appendix we review the explicit CF'T conventions that we use throughout the paper,

specifically the free boson and free fermion theories on the cylinder and torus.

A.1 Free scalar field
For a cylinder of circumference 27 the action

B 1
Y

Sle]

/de(?#cp@”cp (A.1.1)

describes the compact free boson field ¢(z,t) = ¢(x + 27, t) — 2rwR, where w is the integer
winding number of the boson around the cylinder and R is the compactification radius. The

equation of motion is satisfied by

/

- (na’ 1 o 1 L
SO(ZaZ)—S00—1<2R+§wR)1nz+Z 52Eakz

k+£0

r 1
— (Zg - 5wR) 1nz+z',/%zgak7’f (A.1.2)

k=0
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with holomorphic and anti-holomorphic coordinates given by

z=e T =l (A.1.3)

If we define

n o/+ wR N n /o whR (A.1.4)
ao = 5\ = ap = =\ = — 1.
" RV 2 V2o’ " RV 2 V2o

then the mode expansion (|A.1.2)) is brought into the simpler holomorphic and anti-holomorphic

expressions
i0p(z) = | & i a1, idp(z) = ) f: G5t (A.15)
2 k=—o0 ’ 2 k=—o00 -

Radial quantization on the complex plane imposes commutation relations between the bosonic

operators (formerly expansion coefficients)
[Qn, Q) = [Gny Q] = N 0ptmos  [Gn, Gm] =0 (A.1.6)

The Hamiltonian of this boson (on the torus) is now

- 1
12
with Virasoro generators given by
=Ly L=1S i (A18)
n== DO n== D Opm Gy, 1.
2 m=—o0o 2 m=—o00
for n # 0 and
- 1 - 1
Lo=) a_nan+ 5 ay, Lo=) G na,+ 5 az (A.1.9)
n=1 n=1
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The ground state quantum numbers, the momentum and winding number n and w, are

related to the eigenvalues of the zero mode operators by

1 1 R
5= (a0 + @) [n,w) = % nw), /5 (a0 — @) In,w) = w? In, w) (A.1.10)
The action of the Hamiltonian on these vacuum states is
n?a/  w'R? 1
H _ - A1.11
With these conventions, the effects of a T-duality transformation are
C]{/
n<+— w, R<—>§, (p < Ay, Gy < —0y, (A.1.12)
Two important identities for bosonic oscillators are
et = goe? 9 and ea”qLO = qioeqna” (A.1.13)
where n > 0 and ¢ = >, These follow from [a,,, Lo] = [@,, Lo] = n and the general braiding
relation
Adgs = e = AdaaB = A( 4P = 4B (A.1.14)

where the group and algebra adjoints are defined to be AdyB = ABA™! and ad4B = [A, B].

A.2 Free spin-% field

The free Majorana fermion on the cylinder is described by the action

S[y, ]

/dzz (000 + ¢ 0)

2o
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where 1) and 1 are the component spinors of the Majorana fermion. The equations of
motion simply require 1/(z) to be a holomorphic function and 9(Z) to be an anti-holomorphic
function. These spinors are chosen to be either periodic ¥ (ze*™) = 1)(z) or anti-periodic
(2e*™) = —1)(z). The anti-periodic spinors are said to be in the Neveu-Schwarz sector and

have the mode expansions

i(z) = Z Y 2 V2 and  i(z) = Z W, 22 (A.2.2)

nEZ—% nGZ—%

The periodic spinors are said to be in the Ramond sector and have the mode expansions

i(z) = i Y 2 V2 and  in(z) = i W, 22 (A.2.3)

n=—0oo n=—0oo

In either case, radial quantization on the complex plane imposes anti-commutation relations

between the fermionic operators (formerly expansion coefficients)

{d}na wm} - {@Eny @Em} - 5n+m,0 s {u)na J}m} =0 (A24)

The Hamiltonian of this fermion (on the torus) is now

- 1
H=Lo+Ly— — A2,
0+ Lo 21 ( 5)
with Virasoro generators given by
1 - 1 _ _
Ln=3 ; (m+3) : Yoomtom s, Ln=3 ij (m+ 1) : P, : (A.2.6)
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for n # 0, where m is summed over the half-integers or integers for the Neveu-Schwarz or

Ramond sectors, respectively. For the Neveu-Schwarz sector the n = 0 generators are

Lo = Z nY_pPn, EOI Z nl;fnlzn

1 1
TLGN—2 nEN—2

and for the Ramond sector the n = 0 generators are

= 1 - = 1
LO:Z”¢—n¢n+E7 LO:Z”¢_”¢”+1_6
n=1 n=1

The action of the Neveu-Schwarz Hamiltonian on the vacuum state is
1
H|0) = —=10)
and the action of the Ramond Hamiltonian on the vacuum states is

1
H|x) = 51+

(A.2.7)

(A.2.8)

(A.2.9)

(A.2.10)

The zero mode operators of the Ramond sector act on these vacuum states according to

Jol+) = % FTAE), Jolt) = % eFim/1|)

furnishing a representation of (A.2.4)) for n = m = 0.
The fermionic analogs of the bosonic identities (A.1.13]) are

Pngbo — qlogd"Bvn  and  eBnglo — gLogd" B

q
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where n > 0 and ¢ = ¢?™7. They can be shown through direct expansion; explicitly,

1
qmﬂfnwn — Z % (n log C])m (¢—n¢n)m

m=0 ’

=1 Z_l % (nlog )" Yonthy = 1+ (¢" — 1) ¥ontbn (A.2.13)

so that

ePlngr¥—rtn — (14 Biy) (1 + (¢" — 1) Y_niby)

= 14 ¢"Btbn + (¢" = 1)ty = ¢V Vmed0n (A.2.14)

As a final note, specific values of the coupling o/ are often chosen in the literature. In [21]

and 22| the authors use o/ = 1/2. In other works, e.g. [96], o' = 2 is used.
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