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1 Introduction and summary

Impurities in many-body systems embody a vast array of rich physical phenomena, such as
phase transitions, symmetry breaking and universality under renormalization group (RG)
flows. Interestingly this is the case even when the bulk system is weakly coupled or free. One
famous example is the Kondo effect [1], that describes a strongly coupled spin impurity in a
sea of essentially free electrons (see [2] for a review). Quantum Field Theory (QFT) provides a
general and powerful framework to explain the dynamics of impurities in the continuum limit.
For the prototypical Kondo model, this is achieved by modeling the impurity, in the so-called
s-wave limit, by a boundary condition for the d = 2 theory of free fermions. Under RG, it
flows to a certain strongly coupled conformal boundary condition in the infra-red (IR) which
can be identified by Conformal Field Theory (CFT) methods [2-5]. More generally, under
mild assumptions such as locality and reflection positivity, universality classes of isolated
impurities that extend in p > 1 spacetime directions are modeled at low energies by conformal
defects that preserve the so(p+1, 1) conformal symmetry. We will focus on the case where the
bulk system is gapless and described by a CFT. If the bulk is gapped instead, a p-dimensional
conformal defect therein is not much different from a conventional p-dimensional local CFT
coupled to certain topological backgrounds (in dimensions d > p).

In recent years, a lot of progress has been made in the study of conformal defects in
CFT, especially thanks to the bootstrap philosophy. The bootstrap approach has proven to
be extremely successful in constraining and solving the local operator data of CFT based
on very general principles such as unitarity, locality and conformal symmetry (see [6-8] for
recent reviews). The challenge is to bring that success to the more general CFT observables
that incorporate defects. Thus far most of the works on conformal defects have focused on



the setup with a single defect insertion. This has already produced a large body of interesting
results that capture the physics of isolated impurities, in particular from the operator-product-
expansion (OPE) between a single defect and one or more local (point) operators [9]. However
impurities also interact with one another in a nontrivial way, especially when immersed in
an interacting bulk system. In particular, one expects a generalization of the OPE between
the corresponding conformal defects, which capture the physical signature of a collection of
interacting impurities observed from far away. Such an OPE for conformal defects would also
be important for formulating bootstrap-type constraints with multiple defects in CFT [10].

Here we consider the simplest nontrivial setting that consists of a pair of parallel p-
dimensional conformal defects D; and D, extending along R? C R¢ and separated in a
transverse direction. Each conformal defect preserves the subalgebra so(p+1,1) x so(d —p) C
so(d + 1,1) where so(p + 1,1) is the conformal symmetry along the defect worldvolume and
s0(d — p) is the transverse rotation symmetry.! In the special situations where one or both of
the defects are topological, this OPE is non-singular (in fact topological) and equivalently
defines the fusion product of the defects (see [11] for general aspects of topological defects).
The topological defects that close under fusion give rise to generalized global symmetries in the
theory, while the more general (non-topological) conformal defects are organized into modules
with respect to these generalized symmetries. See recent reviews [12-17] on topological defects
which discuss these fusion products that contain important information about the generalized
symmetries and their representations. In particular, the generalized Kondo models with
multiple impurities studied in [18-27] are solved by the topological OPE (fusion) of the
relevant topological defects [28] in the d = 2 chiral (unfolded) free fermion theory.? On the
other hand, the OPE (and fusion) of non-topological defects is more subtle due to divergences
at small separation and less explored, and thus will be the focus here. Previous works on such
non-topological OPE between parallel defects can be found in [29-31] for non-topological
defects in the d = 2 free fermion and free boson theories. Specifically, the fusion product
D1 o Dy of a pair of parallel conformal defects D1, Doy are defined by a limit of the vanishing
transverse separation between the defects, after subtracting a divergence that originates from
the nontrivial Casimir energy due to the defect insertions [29]. This fusion product, together
with the direct sum operation, defines an algebra of conformal defects in the d = 2 CFT,
which includes the well-studied topological defects as a subalgebra and is much richer.

In this work, we generalize this fusion product to p-dimensional conformal defects in higher
dimensions d > 2. Previous related works that study correlation functions of two defects in
specific CFTs can be found in [32-34]. Here we describe the general structure of the defect
fusion in section 2 and comment on properties thereof in comparison to those of the more
familiar fusion product that involves topological defects. In particular, we will see in section 2.1
that the fusion product is in general not associative, namely Dj o (Dy 0 D3) # (D1 0 Ds) 0 D3
and furthermore a conformal defect D in general may not have a dual D’ defined such that

In this paper we focus on defects that are local with respect to other local operators. For example, the
correlation functions of local operators (O1(z1)...On(zn))p in the presence of the defect D is single-valued.
This excludes defects that are attached to topological defects of one-dimension higher (such as monodromy
defects), and more generally defects that are not invariant under the transverse rotation so(d — p).

2These defects are chiral (thus topological) in the theory of left-moving fermions and they correspond to
the conformal boundary condition in the non-chiral CFT by the folding trick [21].



their fusion product contains the trivial defect 1 as a direct summand (i.e. Do D’ 3 1 and
D' oD 3 1). Another key difference between the topological fusion product and the more
general fusion product introduced here is the divergence in the limit of vanishing separation as
mentioned above. The divergence structure for the fusion of general p-dimensional conformal
defects is constrained by conformal symmetry up to a few constant coefficients which we refer
to as the Casimir coefficients, and the leading divergence captures the Casimir energy density
Ep,p, for the CFT vacuum in the presence of the parallel defects D; and Dy. These Casimir
coeflicients encode nontrivial interactions between the defect whose properties are to be further
explored. In setups where the defects can be treated as probe particles, strings or branes
in the CF'T, these Casimir coefficients determine the effective potential between the defects
(potentially of complicated shapes). Here we focus on the fusion of flat (straight) defects in flat
space (up to conformal transformations), in which case, only the leading Casimir coefficient
(namely the Casimir energy density) contributes. For line defects modeled by a pair of probe
particle and antiparticle separated by transverse distance r in a conformal gauge theory, such
as two conformal Wilson lines W, W of conjugate representations in the d = 4 ' = 4 super-

Yang-Mills theory, EV‘T’,W is the familiar particle-antiparticle potential that is consistent with
scale invariance and the coefficient &, depends quadratically on the charges of particles.

To illustrate the general properties of fusion we describe in section 2, we compute the
fusion algebra of conformal defects explicitly in the bosonic O(N) Wilson-Fisher CFT and
the fermionic Gross-Neveu(-Yukawa) CFT. For concreteness, we consider the fusion of line
defects and interface defects in these theories. In particular, we find that the pinning field
defects (also known as magnetic line defects) in the O(/N) model generate a non-associative
algebra with interesting features such as symmetry enhancement under fusion. It contains
an S™V~! family of one dimensional associative subalgebras Ajq = {D(n)} generated by a
pinning field defect D(7) pointing in the direction 7 € S¥~1 and each D(#) corresponds to
an idempotent (i.e. D(n)oD(n) = D(n)) in the full fusion algebra. The same algebra A;q also
governs the fusion of the scalar Wilson line in the Gross-Neveu-Yukawa CFT. For interface
fusion, we consider factorized interfaces Zg, g, = |B1)(B2| constructed from a pair of conformal
boundary conditions By, By in the O(N) Wilson-Fischer CFT and in the Gross-Neveu CFT.
The fusion product for these factorized interfaces is clearly given by Zp,5, © 25,8, = ZB,B,,
which is associative but not commutative.

We also determine the Casimir energy density Ep,p, that controls the leading divergence
for defect fusion in these examples. Here we note that, for line defect D and its orientation
reversal D, it is well-known that the Casimir energy (i.e. particle-antiparticle potential in the
probe picture) is closely related to another type of defect observable, the cusp anomalous
dimension I'p(7) of the line defect D with a cusp of size 7 (i.e. a deflection angle of § = 7 —17),
in the limit of 8 — 0 (see section 2.2 for details). Here we generalize this relation to a pair of
p-dimensional conformal defects Dy, Ds. The cusped line defect is then replaced by a wedge
consisting of planar defects D; and Dy meeting along RP~! at an opening angle 6 in the flat
space. By a conformal transformation, this is mapped to a configuration on S¢? x HP, where
both defects wrap HP and are located at two points on S? P with angular separation 6.3

3The information of the (p — 1)-dimensional defect at the corner of the wedge is mapped to the boundary
condition at the asymptotic infinity of HP.



We will find this last description to be an efficient approach to compute the Casimir energy
density for conformal boundary conditions, such as in the O(N) model, and correspondingly
the leading divergences in the fusion of factorized interfaces. Our results both extend and
provide nontrivial consistency checks for previous calculations of the Casimir energy between
such boundary conditions obtained from other methods [35-39].

The rest of the paper is organized as follows. In section 2, we discuss general properties
that arise in the fusion of conformal defects, emphasizing both similarities and differences
with the better-understood cases that involve topological defects. This general discussion is
then followed by a number of explicit examples. In section 3, we first determine the fusion
algebra and the Casimir energy of the magnetic line defects in the O(N) Wilson-Fisher CFT
using d = 4 — € expansion. Then in section 3.4, we study the fusion of the scalar Wilson
line in the Gross-Neveu-Yukawa CFT which we also study in an € expansion in d = 4 — ¢
dimensions. We move onto the fusion of factorized interfaces in the O(N) and Gross-Neveu
CFTs in section 4, where we extract the Casimir energy for a pair of boundary conditions
from the free energy of the wedge using hyperbolic space. In particular, for the cases that
involve extraordinary boundary conditions for the O(/N) model, we identify a simple dual
classical mechanical problem in section 4.1.4. We also discuss numerical methods to determine
the Casimir energy directly at d = 3 in the large N limit in section 4.3. We end with a
discussion of future directions in section 5.

2 General properties of defect fusion

In this section, we define the fusion product between general conformal defects in CFTs.
As explained in the introduction, this captures the combined physical signature of a pair
of parallel defects viewed from far away.

2.1 Fusion algebra of conformal defects

We generalize the fusion product of conformal defect lines in d = 2 CFTs [29] to that of
p-dimensional conformal defects in higher dimensions as follows,
. ZLP/% ] ,,,277,7;)0(”) RN
(Dl o DQ)(E) = lim e4~n=0 /= D1Dg Dl(ET)DQ(E) R (21)

r—0

where the worldvolumes of the parallel conformal defects D1 and Dy are denoted as X, and X
respectively, which are separated in the transverse z direction by r. The possible divergences
in the r — 0 limit are constrained by conformal symmetry such that the counterterms are
precisely those in (2.1) given by degree n curvature invariants on ¥ (both intrinsic Riemann
curvature and extrinsic curvature from the embedding) of the schematic form R" with
constant coefficients C'(Dn1 )D2 that render the limit (thus the fusion product D; o Dy) finite.?

We will refer to C’Z()n1 )D2 as the Casimir coefficients for the fusion of the defects D7 and Ds.

We emphasize that all these Casimir coefficients C(Dn1 )D2 are physical (independent of local

4More generally, the conformal defects that participate in the fusion do not need to have the same
dimensionality p [40].
SFor even p, the n = p/2 term in the exponent of (2.1) should be interpreted as a logarithmic divergence
; ; (p/2)
with coeflicient Cp 77, .



counterterms on the defect) and capture dynamical information for the pair of defects. In
particular for d = 2 and p = 1, the only relevant Casimir coefficient C’g)l)% is proportional to

the smallest scaling dimension hgpalpDz of defect changing operators between D; and Do [41-43],
(0  _ DDy _ CT
CDlDQ — hgalp 2 — ﬂ 9 (2.2)

where c is the conformal central charge of the 2d CFT. This is also known as the Casimir energy
of the vacuum with the defects Dy, Dy inserted along the time direction. When either Dy or
D is topological, all Casimir coefficients vanish identically since the fusion (2.1) is topological.

As mentioned before, here we focus on the simplest case where ¥ and X, are flat parallel
RP hypersurfaces in the flat spacetime R?. We will split the R? coordinates as z* = (7, z, Z)
where 7/ label the longitudinal RP directions to the defects and # are the common R4 P!
directions transverse to the defects. Consequently all Casimir coefficients disappear in (2.1)
since the curvatures vanish, except for the leading divergence with n = 0 which captures
the Casimir energy between the defects. To ease the notation, in the rest of the paper we
will denote this coefficient as,

Epipy = CWp s (2.3)

and refer to it as the Casimir energy (coefficient) associated with the defects D; and Ds.

Let us comment on some general features of the fusion product defined in (2.1). Firstly,
this fusion product is commutative for p < d — 2 as a consequence of the transverse rota-
tion symmetry so(d — p) and locality (see footnote 1) and in general noncommutative for
codimension-one defects (i.e. p = d — 1). Secondly, the resulting defect Dy o Dy is in general
decomposable, and can be expressed as a direct sum of irreducible defects

D1oDy(X) = @Ci(z)pz‘(z) : (2.4)

Each summand above is dressed by a decoupled p-dimensional TQFT living on the defect
volume ¥ which we denote as C;(X). This generalizes the fusion coefficients (valued in Z. )
in the same way as for the fusion of topological defects discussed in [44-48]. In contrast to
the topological case, the fusion product of conformal defects as defined in (2.1) is in general
not associative. This is not surprising since we are dealing with a truncated OPE for the
defects and we will provide explicit examples in section 3.

Furthermore, given a conformal defect D, we define its dual D by its orientation re-
versal, namely

D(x) =D(), (2.5)

where the worldvolume ¥ is related to X by flipping the orientation. For topological defects
that generate a (higher) fusion category, the fusion product of a defect and its dual, namely
D oD (also D o D), always contains the trivial topological defect 1, which is a property
known as dualizability.® However general conformal defects are not dualizable as we will
illustrate in examples.

5In TQFTs, it is possible to have topological defects that are not dualizable [49]. A simple example is a
factorized interface |B1)(B2| where |B1) and |Bz) are two topological boundary conditions of the TQFT [50].



2.2 Casimir energy, wedge free energy and hyperbolic space

As pointed out in the introduction, the Casimir energy for line defects modeled by a probe
particle-antiparticle pair is related to the cusp anomalous dimension of the Wilson loop that
represents the trajectory of the particle [51-54]. More concretely, consider a Wilson line W
in a conformal gauge theory with a cusp of size 7 (the setup is the same as the one we depict
in figure 1(b) except that here we are talking about lines instead of a surface). Then by
the usual conformal transformation that maps plane to cylinder centered at the corner, this
cusped Wilson line can be mapped to a pair of quark and antiquark lines running along the
cylinder separated by a relative angle § = 7 — 7 on S% 1. In the limit of small 8, the cusp
anomalous dimension of the Wilson loop is related to the Casimir energy by [51]

g _
Ty (7) = %, 6 —0, (2.6)

where £, is the Casimir energy associated with the parallel defect lines, and in this case,
the potential energy between a probe quark and a probe antiquark.

Here we generalize this relation (2.6) to general conformal defects. As we will see in
later sections, this gives us a useful tool to compute the Casimir energy coefficient in specific
examples by evaluating partition functions on certain geometries.

To start, let us discuss the case of conformal boundaries B; and By. In particular, to
extract the Casimir energy for a pair of conformal boundaries, one can calculate the free
energy of the theory in a slab of width r and the slab free energy in the limit of small r
(compared to the size of the slab) will give us the Casimir energy (see figure 1). Equivalently,
we can calculate the free energy of the CFT in a wedge, and in the limit of small opening
angle 0, we expect to recover the Casimir energy (generalizing the case of a cusped line). Note
that in general, CFT inside a slab and CFT inside a wedge give rise to different observables,
but in the limit of small opening angle, the wedge imitates the slab (see figure 1).” The
geometry we use on the wedge may be described using cylindrical coordinates as below,

. di? + dp?
ds® = dif? + dp* + pPdy? = p? (pr,O + dg02> = p2ds§éde,1 , (2.7)

where 0 < ¢ < 6, i are the coordinates along the d — 2-dimensional corner of the wedge, and
p is the distance from the corner. As indicated in the above equation, we can conformally
map the setup to 5’5 x HY! where S(} represents a circular arc of size §, H ! is the d — 1-
dimensional hyperbolic space and the corner of the wedge now locates at the asymptotic
boundary of the H?~! (see figure 2). The free energy on S§ x H?™! in the limit of small
0 takes the following form

Vol(H?-1) &
Fp,p, = ( Hd—)l Bib g0, (2.8)

with &g, B, being the Casimir energy for the two conformal boundaries, generalizing (2.6)
for line defects. In section 4, we verify the above formula explicitly by comparing with the
Casimir energy £ computed from the slab setup [35-39].

"In the coordinates below: the wedge imitates the slab in the limit of small 6 and in the region with large
p with fixed pf.
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Figure 1. Slab and wedge geometry. In the limit of small angle 6, the wedge imitates a parallel slab.
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Figure 2. Weyl transformation of the wedge in flat space to hyperbolic space.
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Note that the idea of using hyperbolic space to describe conformal defects in a wedge
like configuration can be applied to defects of any dimension. Consider flat p-dimensional
conformal defects Dy and Dy joined by a cusp which has an opening angle 6. The geometry
in this case with the origin located at the cusp can be written as

dif? + dp?
(T a3 ) = Pl 20

ds* = dif* + dp® + p*ds%a_, = p
where i/ are the coordinates on the p — 1 dimensional corner of the wedge and the defects are
separated by a relative angle § along the d — p dimensional sphere S?P. As is evident by
using a conformal transformation, we can map the configuration to S x HP where corner
of the wedge sweeps an arc of size # on S4P. As before, this allows us to relate the free
energy on S4P x HP to the Casimir energy for the parallel defects in the limit of small angle,

Vol(HP) &Ep,p,

o . 0—0. (2.10)

Fp,p, =

The relation (2.6) for the cusp anomalous dimension for line defects (p = 1) is a special case
of this formalism for which we get a usual cylinder after the Weyl transformation.

We emphasize that for general p, the S x HP description makes manifest the residual
conformal symmetry of the problem (as isometries), which leads to simplifications in the
evaluation of the free energy as we will see in later sections.® We also note that the wedge
configuration is only fully specified if we also identify the p — 1-dimensional defect operator
at the corner (junction). As long as such a junction defect exists (which we assume to be the

8The idea of using hyperbolic space to describe conformal defects was introduced in [55] to study monodromy
defects. The wedge configuration for p = 2 was also studied in [56] using hyperbolic space.



case), its specific choice does not matter in the relation (2.10) as it contributes sub-extensively
compared to the volume factor Vol(HP). Therefore, we will often make convenient choices
for the junction defect to facilitate the computation as we will explain in section 4. Of
course the free energies Fp,p, (and related observables) we obtain that are exact functions
of 6 (before the small angle limit) contain information of the junction defect and will be a
useful starting point to analyze bootstrap equations on conformal wedges. We will briefly
comment on this in the conclusion.

3 Fusing line defects at d > 2

In this section we illustrate the general properties of defect fusion discussed in section 2
using concrete examples. We start with the study of localized magnetic field lines in the
critical O(N') model introduced in [57, 58]. We denote these defects as D(n) where the
unit vector 7 € SNV~! specifies the orientation of the defect in the O(N) directions. We
will show that the fusion product among the defect lines labeled by 7,7 € SN~! takes
the following intuitive form®

n+m
D(n)oD(m) =D | ————= | - 3.1
() o Dl ( 2(1%%)) (3.1
We will also determine the associated Casimir energy using the e expansion. Then in
section 3.4, we study a similar line defect in fermionic CFTs which was introduced in [59].

3.1 Line defects in Wilson-Fisher theory

Here we study the magnetic line defects in the O(NN) invariant Wilson-Fisher theory described
by the ¢* interaction in d = 4 — e dimensions. Fusion of such magnetic line defects in this
model was discussed earlier in [34].1° Here we present the analysis again for clarity and
also give an alternative way to study this fusion. We consider two parallel line defects and
use coordinates = (y, z, &) such that the defects are extended along the y direction and
separated along the z direction by distance r. We will first consider the case where both the
defects are coupled to the field ¢! so a common residual O(N — 1) symmetry is preserved.
The action for the coupled system with the two line defects is

1 AT

§= [ da | 50u0") + = —(s"0")

2 4

(3.2)
d—4 1 5 d—4 1 -
+ hl,baD2 /dyd) (ya z = va = O) + h?,baD2 /dbe (ya 2=TT = 0) .

Before proceeding to analyze this system, let us briefly discuss what scales are at play. First

we have a UV cutoff of the bulk theory Ap (roughly speaking the lattice size if one uses a
lattice regularization), then there is a UV cutoff of the individual defects Ap ~ aBl (where

°In the arXiv version of [34], it was incorrectly concluded that the fused defect has a new fixed point,
different from the ones that exist for individual defects. Here we will clarify that it is the same fixed point
but the defect couples to a rotated field. We communicated this issue to the author of [34] shortly after their
paper appeared. This was later corrected in the published version of [34].

19Tn [34], they also studied a surface defect in the O(N) model in d = 6 — € which is defined in a similar way.



ap is the width of the defect) and finally we have the distance between the defects r. We
will assume the following hierarchy!' A7 > Ap > %, so that the bulk theory and the defects
are already described by consistent CFT and DCFTs therein as A7, Ap — oco. Thus, the
renormalized couplings A, h; and hg will flow to their fixed points (in a fixed scheme) in
the coupled action (3.2), which take the following values [58],

872 AN? + 45N + 170
M= e hi=h,, hy= |[VNF8+ TN 0@, (3.3)
(N +8) A(N +8)2

There are two distinct conformal magnetic line defects in this theory depending on whether
we tune the defect coupling to hy or h_, which are obviously related by the bulk Zo
global symmetry that reflects ¢'. They correspond to the conformal lines D(+#n) for 7 =
(1,0,...,0) € SN~ respectively. In the following, we will consider all possible fusion products
of two such defects D1, Dy = D(£n) in the limit » — 0 as defined in (2.1).

To determine the fusion product, we study the one-point function of the field ¢! when it
is located far from both the defects.'? To leading order in \, the diagrams that contribute
are shown in figure 3. We will start by writing down expressions for finite defect regulator ap
and bare couplings hy p, hap, and then describe how they change when we tune the defects
to criticality. After normalizing by the expectation value of the product of two defects, we
obtain the following one-point function of ¢! with the defect insertions,

(D1D2¢! (2))
——mwgi/ y(o! (z)p' (y, 2 = »—mwkﬁ/@@wwwwﬁ—nf—m>
d 4 3
)\bA4 d, 3(d—4) dda:’ (H d%) (z)(pTpT)?( { (H (Y, 2 = 0,7 = 0))
k=1 k=1

3 2
hy, (H O (Yp, 2 =1, % = 0)) + 303 yho o' (ys, 2 =7, =0) [[ ¢'(y, 2 = 0,7 =0)
pte

k=1

2
+ 3h1,bh%,b¢1(y37 z = 07 ‘/f = O) H ¢1 (yk7 Z=Tr, ‘/f = O):| > . (34)

We are assuming that the bulk is critical, so the corrections that induce a bulk mass term,
for instance the tadpole contributions have been tuned away. Note that here and below, the
expressions are only valid to first order in A unless otherwise specified. In other words, we
will work to the leading order in the e expansion where the correlation function (D;Da¢!(x))
will be sufficient to pin down the fusion product of the defect lines. As we will see later, to
correctly account for this correlator when the defects D;, Dy are tuned to their fixed points,
one must include contributions that are higher order in A (and enhanced by divergences in

1Naively, we could have set A7 = Ap as is commonly adopted in the literature [68, 60—62], but in the limit
A1 — oo such a configuration could lead to a trivial defect. To make the statements more general and more
robust we will treat these scales Ar and Ap separately.

21 general, to fully identify a conformal defect, one needs to specify the one-point functions with all bulk
primary operators. For the specific setup here (described by (3.2)) it suffices to study the one-point function
of ¢'.



Figure 3. Feynman diagrams that contribute to the one-point function (D;Dy¢'(z)). The filled
circle represents defect coupling while the filled box represents the bulk coupling.

the € — 0 limit). Resummations of such contributions can be done via the Callan-Symanzik
equation, which we implement explicitly in (3.9) to resum diagrams that are attached to a
single defect (such as the first four diagrams in figure 3). For diagrams that involve both
defects (such as the last two diagrams in figure 3), we present an alternative method to
perform the resummation using the Schwinger-Dyson equation (3.19).

Let us first analyze the contributions in (3.4). Performing the integrals along the y
direction longitudinal to the defects in (3.4), we obtain

(D1 Dy (2)) =

hlbaD ( ) thCLD F( )
47r 2 (ZL’ + 22) 5 47T 2 (a: —i—(z—r)?)%

3(d 4) 3
SCCRR o S (R N -
2(3d - 1)(4 ~ )4 )\ (@ +z2>3d S @4 )
3(d—
+ 3)\bA§{ daD 2 (hl th pl1 + hy bh2 bIQ) (35)

where the coefficients I; o are given by following integrals

4
r (%) 427 dz
L = d (( 43

(n TS (@ @R = 2T (@R @R+ )T
12 = : (ﬁ) / d—3 dd72f/d2/ d—3 .
(mz )t ) (@ =27) + (2= 2)?) 2 (@)% +27) 2 (@) + (2 —7)?)*3

It is easy to see that the above integrals are finite as long as r > 0, and only diverge when
r — 0. So the leading divergences in (3.5) (at r > 0) come from diagrams that only involve
one of the defects rather than both. From these divergences we obtain the following relations
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between the renormalized and the bare couplings at the leading order in e,

Ap = A+ O()‘z) )
3
hip = hi + L% (Arap)  + O(N?) | (3.7)
3
hop = ha + %%(ATGD)E +0(N?).

Note that here we are using a scheme where Ar and ap are independent scales.
We now resum diagrams that involve a single defect using the familiar Callan-Symanzik
equation for the one-point function

2—d

(D1¢"(2)) = x,° @ (Apxy,h), (3.8)

that we consider as a function of the renormalized coupling constant h, perpendicular distance
x| = V&% + 22 to the defect and a defect width Ap = al_)l. The Callan-Symanzik equation
states that physical observables should not depend on defect width ABl and renormalized
coupling constant h,

0 0
Ap—— h)— | ®(A h)=0 3.9

( DaAD+B( )ah> ( DT, ) ) ( )
as long as we change h accordingly to its beta function,

. dh 4—d A,
ﬂ(h):ADdAD_ 5 "t Toaz

(3.10)

The general solution to (3.9) is given by the method of characteristics. Namely we look for

h(z) that satisfies the following equation and boundary condition,

dh ht 2B h(wL—ap)=h, (3.11)

_ —_5%
dlog x| 2 * 1672

and then ®(Apz,,h) = ®(h(z,)) for general ® produces the desired solution to (3.9).
Solving (3.11) explicitly, we have then (assuming h > 0)

1 o 1
xdT b +(L_ A )(Ax)d—4
1 82 (d—d) B2 Br2(4—d) DL L

Now, requiring that to the leading order in the A expansion the solution should match the

(D1¢'(z)) = (3.12)

perturbative calculation in (3.5),

d—4
ha, 2 T (42
(P16 (@) = —— s <d23> +O(h, ), (3.13)

we can fix the unknown function ® in (3.12) and the final result takes the following form,

(4 1 1
<D1¢1(ﬂj)> = - ( d21> d—2 . (314.)
A7z (24 22) T A 1 A 2 95t 4-d
\/87T2(4d) + (ﬁ - 87r2(4fd)) (7% + 2%) 2 ap
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Taking the limit ap — 0, we obtain the one-point function for the conformal defect (see (3.3)),

(D1¢'(z)) = —% - (3.15)

=
drx |

Thus after resumming the diagrams that are attached to a single defect, we obtain that the
two defects would individually flow to a conformal defect,

1 B+ 1 hoy
(D1 D2 () = ! 2 =3 T cross-terms, (3.16)

AT (2 4 22T AT (@4 (2 —r)2)

where hiy, ho, = £hs (see (3.3)) depending on which of the two conformal lines D(£n)
describes the fixed point. The “cross-terms” above refers to contributions from all the
diagrams that involve both of the defects (such as the last two diagrams in figure 3). In
the following we will resum such contributions to fully determine (D;Do¢p!(x)) for x| > r
to the leading order in e.

Naively, if we omit these diagrams, the one-point function measured far away (i.e.
azi = 72 4 22 > r?) would simply be the sum of the one-point functions from a single
defect, already at zeroth order in e,

(D1D2¢' (z)) = —L—:ZQ*)' (3.17)

5
drr |

In particular, if both of the defects are described by the same conformal defect D(7) at
large distance, the resulting effective coupling for ¢! on the defect would be doubled. This
is in contradiction with the RG equation which admits one unique conformal line defect
(up to a sign). This mismatch happens because we have to take into account the infinite
contributions coming from diagrams that involve both defects to obtain the correct result
even at the leading order in ¢. To show this, let us take a closer look at the cross-terms
in (3.16), coming from the diagrams involving both defects (for example the last two diagrams
in figure 3). Since we have already resummed all diagrams attached to a single defect,
the integrals I o should be modified accordingly. Consequently, the leading pieces in the
cross-terms take the following form
) 1 T (%

) / dd’2f’dz’
(4m)3 45 (F— )2+ (2 — z/)z)%((iﬂ)z + 2/2)%((5/)2 (2 —r)2) T
; I (%)

di=23dz'
a—3

i | (F =&+ (2= 2P T (@2 +2) T (@P+ (2 =) T

Let us estimate their contributions in the limit x| = V22 4+ 22 > r,

5 . 3X (h?,hos + houh?,) 1 2h.,
3A(h3, howly 4 hioh3, Io) ~ (b7 42_d 2:h1,) i > iz (3.18)

which dominates over the naive solution (3.17) at large distances and modifies the effective
coupling to ¢! on the defect. To nail down the right value of this effective coupling, we have to
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resum the contributions that come from diagrams involving both of the defects. In particular,
we have to sum up all the diagrams that behave as (A/€)” when the separation » — 0 but are
finite otherwise. Once we plug in the fixed point value of A in (3.3), all of these contribution
will add up to cancel the naive factor of two we encounter in (3.17) when hi, = ho, = hy.
We could perform this resummation explicitly using again the Callan-Symanzik equation,
but instead we would like to present another method for resummation of these contributions
in the spirit of [63] using the Schwinger-Dyson equation.

In the following, to ease the notation we will simply use ¢'(z) to denote the one-point
function (D;Da¢!(z)). We notice that to leading order in A this resummation is equivalent
to solving the classical equation for the field ¢!,

Ase
47
T

O¢' — = (¢")? =0, (3.19)

where [0 is the scalar Laplacian, with specific boundary conditions determined by the
insertion of defects,

his =
-, Z,z2—0,

¢1 ) = 47r(f2+z2)% 3.90
(=) — how Z(z—r)—0. ( )
An(B2+(z—r)2) 3

Note that in (3.19) we have taken into account that at the fixed point of the bulk theory
the coupling constant must depend on the distance.

We first consider the case when both defects are aligned (e.g. D; 2 are both described
D(7) in the conformal limit) so that both defect coupling constants are tuned to the same
value hix = hoy = hs. Then one can check that near both of the defects, the corrections
are small and we can trust the approximation

1 h* -
¢ ()~ ——=, 7]zl S (3.21)
2nx | ?

On the other hand, in the limit x; > r, we expect that the field ¢(z) should depend only
on x| and satisfy the following equation

T2 (1 (1) — 2 (6) (1) = 0, (3.22)
T T

(61)"(x1) +

subject to the behavior (3.21) for small x| .
To solve this equation we perform the following change of variables

P(ay) = ~Selosl@L)) (3.23)
47rxJ_2

that leads to the following equation for the function g(elog(x,)),

1 A
g —€j=~(d—2)g— ——g°. 24
g—€j 4(d )g T6e2Y (3.24)

,13,



Taking into account that we work in the limit d — 4 and A\, « (4 — d), we can neglect the
term containing ¢ in the above equation and obtain the following

. € Ax 3
€g=—-g— .
97297 16727
Notice that this coincides with the RG equation for the renormalized coupling constant

(3.25)

h (3.10) and consequently we conclude that in the limit z; — oo,

¢ (wL) = — h’fH : (3.26)

7
drx |

Next, we consider the case when the two defects are anti-aligned and the coupling
constants have the opposite fixed point values hy = —ho = h,. Close to the defects, we
have the following approximation

. o zhsr .
¢1($,Z) = d)(O)(xa Z) = d+2 ’J;‘v |Z’ 5 r. (327)
A (22 + 22) 4

Let us compute the first correction to this behaviour for large x| treating the interaction
term A, in (3.19) perturbatively as in

¢" = by F Auby - (3.28)
The solution is
h3r3 6
(b(l) _ T . <Z3 + in) < (b(o) , T — 00, (329)
7(4m)3(4 — d)z2 ! 5(d - 6)

therefore we can conclude that the profile of ¢! does not receive large corrections in | — oo,
and we can trust the solution ¢!(%,z) = b(0)(Z, 2) even far away from the pair of defects.
Since ¢(g) vanishes in the limit r — 0, we conclude that the fused defect is trivial.

Notice that vanishing of the one-point function of ¢! does not rule out the possibility
that the fused defect D; o Dy could be a direct sum D(7) & D(—#) for 7 = (1,0,...,0).13 To
exclude this possibility, we need to show that the one-point function of the Zs even operator
(¢1)? also vanishes (and (D(7)(¢!)?(x)) = (D(—n)(¢')?(x)) is nonzero). However, to the
order we are working at, the one-point function of (¢!)? is proportional to the square of that
for ¢ and in particular (D;(¢!)?(x)) is given by the square of (3.15) and (D1 Ds(¢1)?(x))
is given by the square of (3.27) in the limit » — 0 (the corrections to this start at order
A?). This implies the fused defect is indeed trivial.

To sum up, if hix + hox = 0, then the one-point function of ¢! and (¢!)? (similarly for
the O(N) singlet (¢)?) fall off faster than 1/ xiTQ and 1/ le_—z respectively. This implies that
no defect is detectable in the limit of long distances, resulting in a trivial defect. On the other
hand, if we start with hi. + ho. # 0 then ¢!(z ) would flow back to the conformal solution
described by h = h, sgn(hi + hos). Thus we have established the following fusion rules

D(f) o D(A) = D(R), D(—h)oD(—h)=D(—n), D(H)oD(—h)=1, (3.30)

confirming (3.1) for the special case where the two defects are aligned or anti-aligned in
the O(N) directions.

13We thank Zohar Komargodski for a question and discussions on this point.

— 14 —



3.2 Symmetry enhancement

We can generalize the above computations to a situation when the two original defects are
coupled to different components of ¢!, for instance ¢? and ¢'. We have the same action as
n (3.2), but now hgj couples to ¢? instead. In that situation, we start with having only an
unbroken O(N — 2) symmetry. But as we show now, at long distances (or equivalently, in the
conformal limit for the fused defect), it gets enhanced back to O(N — 1). The resulting one-
point function of ¢! to leading order in the coupling constant A is computed by the following,

d—4 3 3(d—4)
o e T () ey
<,DIIDQ(Z5 (x» = T T a1 d—3 + d—1 3d—11
A7z (B2 +22) 2 23d — 11)(4 — d)(4m 2 )3(a2 + 22) " 2
3(d—4)
+ Xohiphs yAFap 1. (3.31)

As discussed in the previous subsection, when we study these defects at finite transverse
distance r > ap, the coupling h;; gets resummed to hy (when we sum over all leading
diagrams stemming from the same defect). This yields again naively

hl* N +38

DDyt (z)) = — = , 3.32
< 1 2¢( )> 47T\/m :':47T\/m ( )
and the same holds for the other component
hax vVN +8
(D1Dy¢*(z)) = : (3.33)

TN q:477\/56'2 +(z—r)?2’
which are valid close to either one of the defects but corrections are important for more

general x including when x| > r. To see this, note that we have the following RG equations
for hl and hg

e Chi (B2 +h

dho €

= ——hy +

Y (3.34)
Fan = 727 16x2

ho(h? + h3).

This implies that at the fixed point for the coupled two-defect system h? + h3 = h? to leading
order in € and the naive solution from h? + h3 = 2h2 is not allowed. Thus we have to take
into account diagrams that involve both of the defects.

As in the previous subsection, we will resum these diagrams using the Schwinger-Dyson
equation with boundary conditions specified by the defects. In fact, we can tackle the more
general case when h; couples to 7 direction of the field gg while ho couples to the component
along m. In this case, the equation reads

W -
O¢ — ——(¢'¢")p =0, (3.35)

T

with the following boundary behavior near the defects,

hafo Z,z—0,

- 7,
G(x) = Am@+s) T 3.36
(@) — bty T, T,(z—71)—=0. ( )

A (T2 4 (z—1)2) T
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We can solve the above equation following the similar steps as the previous section. Far
away from the defects, equation (3.35) becomes,

@)+ 2@ 1) - (e = 0. (337

with the following boundary condition in the near defects region,

é(x) = —L;;m) Tz, —0. (3.38)

4rx | ?
We can then argue as we have done in the previous subsection that at large distances,
- ha (N + M
o(x) = — =) ( ) . (3.39)
drx ® \2(1 471 m)

This establishes the fusion rules as in (3.1)

L4+ m

D(7) o D() = D ; . (3.40)
2(14+n-m)

Note that even though we started from a defect configuration which only preserves O(N — 2)

symmetry, at distances larger than the separation of the two defects, there is a symmetry

enhancement and we recovers O(N — 1) symmetry.

3.3 Casimir energy

Now we are in position to compute the Casimir energy of the two defects to the leading
order in €. We start with the configuration of defects which are coupled to 7 - qg and m - (5
respectively where 7,7 € SV, To isolate this scheme independent observable, we need
to calculate the expectation value of the product of defects and normalize this quantity by
the product of the expectation values of the individual defects:

(DiDs) E(h,m)L
7<D1§<D2> = exp (—T ) . (3.41)

In the above equation, L is the length of the defect, while r is the separation between the two

((D1(R)Da(1))) =

defects. We always work in the limit L > r. To leading order in A, we have contributions
from the diagrams shown in figure 4:
hy pha badD_4LP (%) Ao A4 42 (= Tg

+ -

A

E(n,m)L _(h-

T B Ars (r2)

(3.42)

-3 Sd 11

~ L B
20 ol T | (300 > a2 T (242)"r (4512)
r(4) - d)@Ed-1) 20 (d— 37T (- d)
Notice that this calculation is being done for finite separation r. Consequently the diagrams

that involve both defects do not diverge (as € — 0) and there is no need to sum up an infinite
series as when we were calculating the one-point functions (D;Da¢!(z)) in the limit » — 0.
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(a) (b) (c) (@

Figure 4. Feynman diagrams that contribute to the defect two-point function ((D;(7)D2(h))) in
the critical O(NN) vector model.

As usual, when we substitute bare couplings in terms of renormalized couplings (3.7), the

divergences cancel and we get to leading order in e

E(n,m)L hihoL v+ logdm + 2log (.~ ) ) €h1ha L
W:_(ﬁ.m)w_(ﬁ,m)( ( D)) (3.43)
r dmr Sr
L Ahiho(h? + h3) (3+’y+10g47r+210g (%)) (14 2(7 - m)2)Ah2h3
+ | (A + .
r 12873 512w

After plugging in the fixed point values of the couplings (3.3), the Casimir energy is given by

N+8 e N?2—3N—-22 (1+2(7-m)?) 7*(N +38)
4 Ax 2(N +38) 16

>

E(n,m) = —(n-1m) (R - 1) .
(3.44)
For example, depending on if we are fusing aligned or anti-aligned defects, Casimir energies

are given by

N+8 € (N?-3N-22 37*N +8)
=&(A,h) = ——— — — — 4
Ery =E(R, 1) = 47T< 2N 18 16 : (3.45)
N+8 ¢ [(N?-3N-22 37%(N+8)
_=E&(h,—n) = — . 4
Ev =8 =) = = +47r< 2N+8) 16 (3.46)

This is consistent with the results in [33].14 On the other hand, when we fuse defects that couple

to different components ¢! and ¢? respectively, which corresponds to 7 = é; = (1,0,...,0)

and m = é2 = (0,1,...,0), the leading contribution to the Casimir energy comes from

the order A term:

(N + 8)er
64 '

3.4 Fusing scalar Wilson lines in fermionic CFTs

E(ey,69) = (3.47)

In this section, we extend our analysis to fermionic theories. In particular, we focus on
the Gross-Neveu-Yukawa model.

“Our results match those of [33] at the level of integrands, however there was an algebra error in the
evaluations of the integrals there (see equations (46)-(50) in [33]).
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3.4.1 Gross-Neveu-Yukawa model

Similar to the magnetic line defect in O(N) model, there is also a scalar Wilson line in the
Gross-Neveu-Yukawa model which was studied in [59]. In this section we study the fusion of
two such lines. The action for the coupled system with two insertions of these lines is given by

_ d (8“3)27 T . W T i 92,6 4
S-/dm( 5 (\Ifﬁ ov +gl7bs\l'l\11)+24s

+ hl,b/dyS(y, z2=0,=0)+ hz,b/dyS(y, z=rZ=0), (3.48)

where i = 1,..., Ny and we will use N = Nycg with ¢4 being the number of components of a
Dirac fermion in d dimensions, i.e. ¢g = 2[%], where [g] is the greatest integer less than or equal
to %. As was shown in [59], in d = 4 — € expansion, the Wilson line defect for the scalar field
s(z) has a fixed point. The couplings (both bulk and defect) at the fixed point are given below,

. ()2 (47)? (=N + 6 + VN? + 132N + 36)
T N16& T 6(N +6)
9 108
" 6-N++VN21+ 132N +36
Note that the defect preserves the U(Ny) global symmetry in the bulk but breaks the Zo parity
symmetry since s(z) is parity odd. Correspondingly, there are two inequivalent conformal

€,

(3.49)

scalar Wilson lines related by parity. We refer to them as DT which are defined by fixed
point couplings h = +h, respectively.

Following the same reasoning as in the scalar O(N) model case, it can be shown that for
r # 0, both of the lines in (3.48) must flow individually to one of the two conformal defects
D*. By inspecting the diagrams, it is easy to see that their fusion products are identical
to the scalar theory when both the defects are aligned (or anti-aligned) in the same O(N)
direction. However the defect Casimir energy will be different, due to one additional diagram
(last diagram in figure 5), compared to the O(N) model case. For simplicity, we will choose
the defect and bulk regulators to satisfy apAr = 1 below.

3.4.2 Casimir energy

Similarly to the scalar case in section 3.3 the Casimir energy is defined as:

(D1Dy)

EL
((D1Dy)) = (D1)(Ds) = €xp (_r> ) (3.50)

and as before, L is the length of the defect while r is the separation between the defects. To
leading order in €, we have contributions from the diagrams shown in figure 5,

EL 92,613 hap
—T:h17bh27b/dy1dy2(sosr>—215/dyldygddx((so)gsrs4(x)>
g2.ph1 ph3 go.ph?  h3
- / dyrdypd®a{so(s,)’s" (1)) = =g / dyrdyzd”e((s0)*(s,)*s" ()
2 hiph - -
gl’blz’bQ’b/dy1dygddxddy@gsr\I/i\Il’s(x)\I/,;\I/Zs(y)>, (3.51)
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(a) (b) (c) (d) ()

Figure 5. Feynman diagrams that contribute to the defect two-point function ((D1Ds)) in the
Gross-Neveu-Yukawa model. Here solid lines represent fermion propagators.

where we have introduced the shorthand sp = s(y,z =0,Z =0) and s, = s(y,z =, =0)
for the field s inserted at two different line defects. Performing the integrations, we get

4 —
Cen hhaLU () g1 (P(d?")) {%Lbhz,whiﬁh%,b)w%l

T 4TS 602 T\ 4T T (452) (4—d)(3d—11)

(3.52)

_ 2 2
3h2,h3,m 2 D (=45)T (Sdg“)} g} hphas LNT (4-1)1(a-7)
o (d—3)°T (5—d) 64T (d — 2)(4 — d)m?2 (r2)% 2

Plugging in the bare coupling constants in terms of the renormalized one [59],

s e

19272¢ 327T26> 910 = ,U% (91+0(9:1))>9%)) s gap =S (gg—l-O(g‘(f,g%)) ,

(3.53)
and expanding in €, we obtain the following
EL L [hth n (y+logdn+2log(ur))ehihy  gah3h3
S| 4w 8 10247

r T

+Q%h1h2N (@ZJ(O) (%) —2103(W“)—2—10g(77)) _gghlhg(h%—Fh%) (3+~+logdm+2log(ur))
12873 76873

(3.54)
Note that for simplicity, here we are using the RG scheme such that A7 = 1/ap = p so we only
have a single RG scale in the problem. Plugging in the fixed point values of couplings (3.49),
we obtain the following results to leading order in ¢, depending on the type of the line defect
D* in the Gross-Neveu-Yukawa model,

e 27 B 27¢ (BN + 9 (8 + 72))
T (6 - N+ N2+ 132N +36) 8n(N +6)(N — 6 — N2 + 132N + 36)
27 27¢ (—=8N + 9 (=8 + 72
& = - ¢(8N+9(-8+ 7)) . (3.55)

7(6 — N + VN2 + 132N +36)  87(N + 6)(N — 6 — v/ N2+ 132N + 36)

Note that the Zo symmetry flips D' to D~ and hence flips the sign of the fixed point value
of the defect coupling constant. However as is clear from the (3.54), the Casimir energy is
invariant under this flip and hence we have £__ =&, and £_4 = &, _.
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4 Fusing interfaces and boundaries in d > 2

In this section, we study fusion of codimension-one defects. In particular, we focus on
factorized interfaces Zg, 5, = |B1)(B2| constructed from a pair of conformal boundaries |B;)
and |Bz). The nontrivial information in the fusion product of such interfaces is contained
in the fusion of corresponding conformal boundaries, with nontrivial Casimir energy. To
determine the boundary Casimir energy, we will make extensive use of wedge geometry and
study CFT inside a wedge. In section 4.1 we review various boundary conditions of the scalar
O(N) model. We then discuss the simple case of free scalars in a wedge and then move
on to describe the critical O(N) model in the same configuration. Along the way, we will
also clarify some confusing claims and issues discussed in the literature about the critical
O(N) model in a wedge. In section 4.1.4 we consider the case with extraordinary boundary
condition which only exists for the critical O(N) model, and study its fusion with other
boundary conditions by recasting it into a particular classical mechanical problem. Then
in section 4.2 we generalize our calculations to fermionic theories and study the fusion of
conformal boundaries in free fermions and the Gross-Neveu model. Finally in section 4.3,
we make progress towards studying defect fusion directly in d = 3 by numerically solving
the large N O(N) model in a three dimensional wedge.

41 O(N) modelind=4—¢

Here we will consider fusion of boundary conditions for the critical O(N) model. There
are two well-known O(NN) symmetric conformally invariant boundary conditions, which are
Dirichlet and Neumann. In the free theory, they are characterized respectively by either
vanishing of the field or its normal derivative at the boundary

Plbay =0 or I dlhay =0. (4.1)

The interacting theory defined by the familiar O(N) invariant action,
d. (1 N2 | AT 02
S=[d% 5(6;@ )"+ Z(¢ )7 (4.2)

has a perturbative fixed point in d = 4 — e dimensions as we have reviewed around (3.3). At
the interacting bulk fixed point, the Dirichlet and Neumann boundary conditions in (4.1)
continue perturbatively into what are known as ordinary (O) and special (sp) boundary fixed
points respectively. In addition to these two, there is an additional boundary condition in the
interacting theory called the extraordinary (E) boundary condition.'® This is characterized
by a non-zero vacuum expectation value for the field ¢! and spontaneously breaks the O(N)
symmetry to O(N — 1). This non-zero vacuum expectation value is given by the following
solution in flat half-space to the classical equation of motion

21
(¢N (x)) = + N2 (4.3)

5We are studying the theory in d = 4 — € so the distinction between extraordinary and extraordinary-log
boundary conditions [64] will not be important for us. We will also not study the extraordinary-log interface
because it continues to a dimension two interface and not a codimension one interface in d = 4 — e [65—68].
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where the boundary is located at z = 0 and we picked ¢~ to be the field that gets non-zero
vacuum expectation value. In the absence of extra interactions localized on the boundary,
these are all the known conformal boundary conditions in this model. For more details on
boundary conditions in the O(N) model see [69-82] and references therein.

The Casimir energy for fusion of conformal boundaries in the critical O(N) model for
ordinary and special boundary conditions was considered before by studying the model in
a slab geometry in [35-39]. In particular, for a slab of width r, the free energy per unit
area inside the slab for small r should go like

&

FJA= . (4.4)

The coefficient &, called the Casimir energy, for the case of O(IN) model with different pairs
of boundary conditions (special or ordinary) was found to be [38]

Nr?  Ner? 2¢'(4)  5(N +2) Nr2es (N +2\2
(spssp) — _ 1 —~ — log(4 ) — ( >
£ 1440 2880 ( v loelm) + Y s N T e)) T v \N+s)
N7?  Ner? 2¢'(4)  5(N +2)
(0,0) _ _ 1—~ —log(4 ) 2 4.
¢ 1440 T 2880 ( 7 - loglm) + et N ey ) TOE) (45)

&

(sp0) _ TN7*>  Ner (5(N+ 2)

2¢'(4) 2
= 11520 T 2300 \ N +8 +61°g4—7<1—7—10g(7r)+ )) + O(e?).

¢(4)

Notice that for the (sp,sp) case, the expansion involves a non-analytic term of order €3/2 | that
correspond to the presence of a zero mode (see discussion in the later part of section 4.1.3).

Here we will reproduce the above and provide new results when one of the boundaries is an
extraordinary boundary condition by studying the O(/N) model in a wedge geometry [83-85].
As explained in section 2.2, at small angles, the wedge imitates the slab and can be used
to calculate the Casimir energy. Furthermore, to facilitate the computation, we will also
map the wedge to hyperbolic space as described in section 2.2. The geometry we use may
be described using cylindrical coordinates as below,

» dif* + dp*
d82 — dyQ + d,02 +p2d§02 — p2 (yPQp +d802 — p2d3§’;><Hd71 ’ (46)

where 3/ are the coordinates on the corner of the wedge, p is the distance from the corner
and 0 < ¢ < 0 is the angular coordinate around the corner.

4.1.1 Free scalar in a wedge

We first discuss a free massive scalar in the geometry of Sj x H?~!. Having in mind that
we will soon move on to the interacting case, we will refer to the Dirichlet and Neumann
boundary conditions in (4.1) as ordinary and special respectively. With respect to these
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boundary conditions, we have the following mode decompositions of the scalar field ¢ on Sj:

\/72@1 sm( gp) (0,0),
LEDS 3 o) cos ("52) ). (4.7)
= \/Zé dn(p, y) sin ((n%—j)mp) (O,sp).

Next, we calculate the two-point function of the field ¢ which will be used later to study

the interacting theory. Let us first focus on the (O,0) case and the other cases will be
similar. After performing a Kaluza-Klein reduction on the S;, we obtain the following action
for massive scalars ¢, on the H? !,

/ ity [ 0:6)? <m2+ ”Z§2> ¢i] , (1)

where m? is the mass term for the mode ¢, on S(} x HA-L,

The two-point function of the field ¢ on the hyperbolic cylinder is given by a sum over
bulk-to-bulk propagators of each mode ¢,

nmwp1\ . [ nmps _?7%2‘*‘0%2
(p(x1)0 HZS ( ) ( 0 )GAn(f)a f—my (4.9)

where £ is a cross-ratio and A, is the scaling dimension of the corresponding operator on
the boundary of the H?! (i.e. corner of the wedge). The scaling dimension A,, is related
to the mass of ¢, by the usual holographic dictionary on H¢ 1,

5 n’m?
Ap(A, —d+2)=m" + 72 (4.10)
For our purpose here, the scalar ¢ is conformally coupled on Sé x HY1 with scalar
curvature R = —(d — 1)(d — 2) and therefore the induced mass satisfies,
2 _ (d=2) (d—2)?
— —— 4.11
K TF i (411)
which fixes the corner scaling dimensions via (4.10),'6
d nm
Ap=—-—-14+—. 4.12
n=5 -1+ (4.12)

Note that the other solution A,, = % —1— 7% to (4.10) for the conformal case is forbidden
because it would violate the unitarity bound for # < = (we will be interested in small 0).
Finally the bulk-bulk propagator for general dimensions A is given by

INVAY d—3
I (A2 4) (492

Gale) = o <A,A A —d43; 2) (4.13)

6T hese are scaling dimensions of the operators located at the boundary of H™!, so in the original setup,
at the intersection of two boundaries that make up the wedge.
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From this two-point function (4.9) in the wedge we can extract the one-point function of
the operator ¢?. We take the short distance (¢ — 0,91 — 2) limit of (4.9) and use the
MS scheme to obtain

(@*(0)) =

N )ZS (mrcp) (F(An) ‘ (4.14)

(47r)2 = r—-—d+A4,)

As a consistency check, we want to evaluate this sum in d = 4 to compare with the results
of [85]. To this end, we separate the divergent and finite pieces of the above sum at large n

(62(¢)) = MiSiHQ <nggp) {(T)d—ii B (d—4)(d2—43)(d— 2) <ngyr)d—5

(4.15)

Li-1+%) CaaETEE L Yatey
d T ’
Now the second line of the above equation is finite, and may be numerically evaluated in

any dimension (it actually vanishes in d = 4) and the first line may be evaluated by zeta
function regularization. In d = 4, this gives

T P — (0,0)
7T 18202 T 1667 sin? (5F) )
2 _ p2
2 T —0 1
= . 4.16
e e e T (1.16)
For the (sp, O) case, we need to sum over half integers instead,
20% + 72 [1 + 6 cot (Z£ =

(o) = — BT Bt (Fesc(F)] g o). (417)

967262

These results agree with what was found in [85].17

4.1.2 Interacting wedge in € expansion

The e expansion of the O(/N) model inside a wedge in 4 — e dimensions was studied in [83, 85].
Here we will only emphasize one aspect of it which was missed in the previous studies.

As we saw in the previous section, when we impose Neumann boundary conditions on
both boundaries corresponding to the (sp, sp) case, the lowest mode at the corner of the
wedge is the n = 0 mode with scaling dimension Ag = % — 1. It turns out that this lowest
operator at the corner acquires an anomalous dimension of order /e. This behavior was
missed in the previous studies of this setup.

We start by considering the bulk-wedge two-point function of the bulk field ¢! and a
boundary operator O; in the fundamental representation of O(N) group. This two-point
function is constrained by conformal symmetry and O(N) symmetry to take the following form

0" f(e) _
pRem A (7= )% + pA)

1"Note that the one-point function of scalar operators on S' x H?™! is constant along H?! and is related

(&' (p, 0, O ()) = (4.18)

by a Weyl transformation to the wedge in flat space.
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Here we are again considering a wedge in the flat space. Since the bulk field satisfies an
equation of motion, this implies the following relation in the leading order in A

which can be used to deduce the dimensions of the fields O;{ . Thus, acting with the Laplacian
on the equation (4.18) we get

D<¢[(pv @, :J)O;z](gjl»
__CA¢—AM2+8§+2An@A¢—d+®) 5" f(ep)
B P2 G =01)>+p* ) pRo=Bn((F— 1) + p2)°"

where Ay = d — 2 to first order in e. Then we can solve this equation order by order in

. (4.20)

€ by expanding
=10+, A= AP 4 (4.21)
Focusing now on the case of n = 0 mode for (sp, sp) boundary condition, to zeroth order in €,
this corresponds to A,(IO) = Ay and fO = féo) — const. The equation for f() is
2

2 (T
2 £(1 2 ¢(0) (ON K. 0> s () _
eacpf( ) + ")/0,](.0 - A*(N + 2) 0 (4871’202 + 1662 = 0, (422)

with the following solution,

2 £(0) M(N +2 2_02 M(N +2 (0)
6f(1)(g0):./4+8g0+()0 .;0 < «(N +2)(m )—’Yg> . *( + )fo log sin (W) '

487202 1672 0
(4.23)
Imposing Neumann boundary conditions at both ¢ = 0 and 8 requires setting the following
derivatives to zero

(0)
AN +2)f,
DoV ()] gm0 = (167r2<p)0 +B,
AN+ 2) £ A(N + 2)(72 — 62) (4.24)
* 0 * -
eawf(l)(%?)‘so:e = _Wgo—g) +B+9f(§ ) ( 487202 _’Yg> :

The 1/ and 1/(p —0) terms correspond to exchanged operators at the boundaries and should
not be set to zero. Since we have special boundary conditions at both the boundaries, the
exchanged operator is the field ¢ at the boundary, i.e. qg, which has dimensions d/2 — 1 =1,
and this explains the powers of ¢ and (¢ — 6) in the exchange terms. Setting other terms
to zero then requires B = 0 and

Vo:\/A*(N+2)(7T2_02) — A= WNHW_QQ)E (4.25)

=--1
487202 0=5 602(N +8)

where we used the fixed point value of the coupling constant A, given in (3.3). Note that this
/€ piece in the anomalous dimension vanishes for # = 7, which is expected since in this case,
the wedge reduces to a plane and hence results in a BCFT and there is no term of order /e
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for a BCFT [82]. This /e behavior of the anomalous dimension was missed in [85] which led
them to incorrectly conclude that the n = 0 mode is not conformal for 6 # .

Another way to see this y/e behavior of anomalous dimension is to add explicitly a c¢?
interaction localized on the corner of the wedge. This is the lowest dimension O(N) symmetric
operator and is classically marginal on the corner. Such an interaction for a codimension
two defect was studied in the context of Renyi twist defect in Wilson-Fisher theory [86].
They found that for ¢ = 0, the operator ¢ on the wedge is actually marginally relevant in
d = 4 — €. They found that there is a non-trivial stable fixed point for the coupling ¢ with
the value of the coupling being of order /€ at the fixed point. We suspect that calculating
the anomalous dimension of the lowest mode in the presence of this coupling will reproduce
the /e anomalous dimension that we found above using equations of motion.

4.1.3 Free energy on S; x H-1

We now move on to calculate the Casimir energy for a pair of boundaries. To do that, we
just need to compute the free energy on 5’91 x HY1. In the leading order in X this is given by

F(0) = Fo(6) + I(0)

L v d,,imvﬂzlog< i >+i [ (o)),

2(47m) T T(451) /- T(iv)[?
(4.26)

where the frequency sums are defined such that w, = 1,2,..., 00 for (0,0), w, =0,1,...,00

for (sp,sp) and w, = 1/2,3/2,...,00 for (O,sp). To deduce the above result, we have used
that the eigenvalues of the scalar Laplacian —(Jga—1 on hyperbolic space is v? + % (see
also (4.8) and (4.11)) and the spectral density can be found in [87, 88]. We are interested
in the leading term in the free energy in the expansion at very small #. To simplify the

expression in (4.26), we first differentiate F(f) with respect to 6
dFy(0) NVol(H-1) & [ ID(iv + 52) Pwin?

M (4 (T nzl oo ]F(z’y)|2 (v + <) 08
NVol(H)T(352) &, T (452 + 247 ) wln?

o 2 zn: r(2-4+7)6

<4w> >

(4.27)

where the integral over v is evaluated using Cauchy theorem. To proceed further, we expand
the gamma functions at small 6 [89] and then perform the sum over n which gives

OFy(0) NVol( -Hr (32d) . (nr)d-t

R S a2

Integrating and dropping the integration constant, which is not important in the limit 6 — 0,
we obtain the following for the different pairs of boundary conditions,
NVol(H4I(352) 74-1¢(1 — d)
(4m) T (d - 1) gt 7
NVol(HAHT(352) zd=1(21-4 — 1)¢(1 — d)

(4%)% g1

Sp,s 0,0
FyP)(9) = F{©9(9) =
(4.29)
F O (0) =
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d—1
As discussed in section 2.2, the coefficient of the % dependence determines the Casimir

energy. To take into account the contribution I(#) of the interaction term in (4.26), at leading
order in €, we may just use the one-point functions in the free theory from (4.16) and (4.17).
For instance, for (O,0) and (sp,sp), we have

1 [ di(ero))

Combining the free and the interaction pieces, and expanding in d = 4 — €, we indeed recover

~ Vol(H ' )N(N + 2)er?
B 1152(N + 8)63

(4.30)

<1

the results in (4.5), up to the €/2 piece for the (sp,sp) case which we will come to below.

In the case of (sp,sp) the situation is more subtle because of the presence of a zero-mode
giving rise to the non-analytical contributions. To properly take it into account we should
first find the spectrum of the following differential equation

(—83, — Oga1 + As (¢>J¢J)) ol = B¢ . (4.31)
The above equation implies that bulk-wedge two-point function should satisfy

=02 = Das + MV +2)(62 (9))] (670()) = B{TO@))) (4.32)

where O(7|) is an arbitrary boundary operator, and we have used Wick theorem to compute
the interaction term to the leading expansion for small €. By implementing the reduction of the
scalar field on S! as in (4.7), we obtain the following equation for the individual wedge modes,
72n?

[_DHd—l + g TN+ 2)(¢%(9))| (2, O(@)) = En(670(7))) - (4.33)

For non-zero n, we can safely neglect the interaction term in the equation since we are

working to leading order in €, and deduce that E,,+o = v+ ”232. However, for n = 0, we
must include the first correction to the zero mode energy Ejy by A, given below,

0
N 2)
Eo =12+ EY with EY = T / dp (¢ (4.34)
0

where the one-point function in d = 4 is given in (4.16). To regularize the divergent integral
in (4.34) we use dimensional regularization,

0

0
d d . 4.
/ S00032 (%F) :/ ('0 [cos ( (4.35)
0 0

After performing the integration, and setting o = 2 it can be shown that the integral in (4.35)
vanishes and thus only the ¢ independent part of (¢(¢)) in (4.16) contributes, producing
M(N +2) (72 —02?) (72 —0%)(N +2)

(1)
0 487262 602(N +8) (4.36)
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Now, we can calculate contribution of the zero mode to the free energy in the case of (sp,sp),

0F =

NVol(H" ) 70 (o +22)] log (12 + E§)) . (4.37)

2(4m)= T (452) T (iv) [

(1)

After first taking derivative over E;’, we can easily compute the integral over v as before,

95F _ 1 NVol(H'") (3 - d) (Eél))df? Lo (1> _ (4.38)

oY 2 um)T 2 oot

(1)

Integrating over F;’, and neglecting the constant of integration which is independent of

and hence is not important for the leading 8 — 0 behavior, we get

d—1 _ d—1
oF — - NVol(H )r<3 d) (EV) * . (4.39)

d—1 (47_‘_)(12;1 2

In the case of d = 4 and small 6, we have

0F =

_ NVol(H?) %> (N + 2)3 | (4.40)

7203 6 \N +8

which produces the order €3/2 contribution to the Casimir energy in (4.5) as promised.

4.1.4 Classical mechanical analogy for extraordinary boundary conditions

In this section, we discuss the situation when one of the boundaries of the wedge has
extraordinary boundary conditions, i.e. one of the field components, ¢V, acquires a non-zero
vacuum expectation value. Working at leading order in ¢, this vacuum expectation value
is given by the classical solution of the equation

(d—2)
(ag +— N — AN =0. (4.41)
Multiplying this equation by 3¢¢N we arrive at the following conservation law
_ 1 2 d—2 2 N\4
E= (9,0V) + (8)(qu)2 - A(¢4) — const in ¢. (4.42)

To simplify the analysis, we rescale the angle and the field variables as below,

2 N_ 1 d—2 - 1 /d—2\*
W—mt, o _WT% E—)\<2> E, (4-43)

which produces the following conserved quantity,
1
E=20w)+V(y), V)=~ (4.44)

that describes classical trajectories y(t) subject to potential V(y) and conserved energy E.
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E> B,

E < E,

Figure 6. The classical potential V(y) that governs the O(N) CFT on a wedge with extraordinary
boundary conditions.

N(p=10) = +oo N (p = 0) = o0
(E-O) { (E-sp) {
E> E. PN(p=0)=0 E<E. (o) (p = )=0
(E-E) { M(p=0) =+oc0 (BE) { NMe=0)=
PN(p=10) = —o0 PN (p=10)=

Table 1. Correspondence between boundary conditions for the CFT on a wedge and boundary
conditions for the classical trajectories. The critical energy is located at F, = i.

To leading order in €, the free energy of the O(N) CFT on the wedge corresponds to
the action of this classical system,

F=8= /dt B(&:yﬁ —V(y)| . (4.45)

Thus, the study of the extraordinary boundary conditions and their fusion with various
boundary conditions is reduced to the study of various trajectories in the potential (4.44).
Let us note that the extraordinary boundary condition corresponds to the situation when
the trajectories start at spatial infinity ¢ (¢ = 0) = 400 and after finite time (measured by
¢ or t related by rescaling (4.43)) reach one of the following values at ¢ = 6:

1. it reaches ¢V (¢ = ) = 0 (corresponding to extraordinary-ordinary (E-O)),

2. it reaches a turning point 8¢¢N (¢ = 6) = 0 (corresponding to extraordinary-special
(E_Sp))a

3. it passes through the potential to ¢~ (¢ = #) = —o0 or returns back to ¢~ (¢ = ) =
+0o0o (extraordinary-extraordinary (E-E)).

Note that there are two possible extraordinary boundary conditions, because the field ¢~
near the boundary can behave like +1/z where z is the perpendicular distance. We can either
have same signs on both the boundaries (which we will call (E-E™)) or opposite signs (which
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we will call (E-E7)). We summarize all the possibilities in table 1. Let us also point out that
for all the trajectories we discuss in the table above, there are analogous ones related by the
transformation ¢ — —¢V. But the free energy is invariant under this transformation, so
they will have the same free energy as the cases that we discuss here.

All of these cases correspond to various cases of fusion between boundary conditions in
the O(N) CFT. We start by identifying the exact trajectories in (4.46) and (4.49) and use
these exact trajectories to calculate the free energy of the solution in (4.59). Then starting
from (4.63), we explain an alternative strategy which does not require the knowledge of an
exact trajectory to calculate the free energy at small opening angle 6, which is all we need
for determining the Casimir energy. We present the final results for the Casimir energy for
all the combinations of boundary conditions in (4.65).

To start, we notice that V(y) has a critical point at y = £1 that gives the critical energy
E, = i. Then we have two qualitatively different scenarios depending on F,

1. E> %: this corresponds to the red trajectory in figure 6. The solution in this case is
given by a Jacobi elliptic sine amplitude function (denoted by sn) [90]:

y(t) = —\/1 - vI—4Esn ( 1A VIZAE gy, Lo V1= 4E - 2E> , (4.46)

2 2F

where T'(F) is the half-period of this function,

iK (%) 19K (w?#)

T(E) = : (4.47)
1+v1-4F
2

where
w/2

do
K(m :/
(m) J V1 —msin?«

is a complete elliptic integral of the first kind. It is clear that in this case 3/(¢) # 0 thus

(4.48)

Neumann (special) boundary condition is not admissible at the opposite side of the
wedge. Instead the allowed trajectory can reach the point y = 0, which corresponds to
the Dirichlet boundary condition (the case of (E-O) in table 1). Also, the trajectory
can go to y = —oo which corresponds to the extraordinary-extraordinary (E-E~) case
in table 1. To identify the range of ¢, we note that the solution (4.46) blows up at
t = 0,27 (F) and vanishes at t = T'(E). We conclude from table 1 that ¢ € [0,T(E)] for
(E-O) and t € [0,2T(E)] for (E-E7).

2. F < %: this corresponds to the blue trajectory in the figure 6. The corresponding
solution with the energy F is given by a Jacobi elliptic delta amplitude function (denoted
by dn) [90]

(t — T(E)),k:) , E= (13:5)2 (4.49)

— 29 —



with &k € [0,2), and T'(F) is the half period given by
T(E)=vV2—-kK(1—k). (4.50)

In this situation, the trajectory can never reach y = 0 but instead the turning point
y'" = 0 which corresponds to the Neumann boundary condition (the (E-sp) case in
table 1). Furthermore it can bounce back and go back to y = +o0o which corresponds
to the (E-E™) case. As before, the ranges for ¢ are fixed to be t € [0, T(E)] for (E-sp)
and t € [0,2T(E)] for (E-E™).

Let us first focus on the case of extraordinary-ordinary (E-O) boundary conditions for
which ¢ € [0,T(E)] and solution (4.46) satisfies the following boundary conditions:

y(t =0) = +oo, y(t=T(E))=0. (4.51)

From (4.43) and (4.46), we deduce that the half period T'(F) is related to 6 by

2
=7
d—2

Since we are interested in the limit § — 0 and thus T'(E) — 0, we take energy E — 400.

0 (E). (4.52)

Expanding (4.46) in this limit we obtain

2\ 4
. 1
'K (2) 1 1 1 F(z) 1
TEF)=——F—+4+0|—F5 ) = FE=—=|—— O|—= 4.53
® =217 +0(5) plimras | O0m) 0
where we have used the following representation of K (2) [90],
2
1
- T 11 r(})
"TK(2) = —€e'ioF [ =, =,1,2) = ——~%—. 4.54
CTE(Q) 26421(2’2”> 1/r (4.54)

Now let us compute the corresponding free energy density of this solution, which is simply
given by evaluating the Lagrangian on this classical configuration,

£} (00) - [ A0 - 2 (15) (Jowr - v) . s

However, the above expression is divergent near ¢ ~ 0, corresponding to the contribution
to the free energy coming from each individual BCFTs residing on the boundaries of the
wedge. These divergences are universal (E independent) and can be easily take into account.
First we rewrite the action as

T(E) . (E)
S— / dt (2 (O)? — V(y)) _ / it (O)? — E T(E). (4.56)
0 0

The integral of the first term on the r.h.s. can be recasted in the following way [91],

T(E) 400 +oo
A(E) = / 0t (Bry)? = — / dy Oy = / dyJ2(E~ V(1)) (4.57)
0 0 0
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which satisfies the following,
+o0 +o0
4A(E) a

1
dE :O 4y 2(E—V(y)):_0/0ty_

E
T(E)= A(E) = /T(E)dE + const ,
0

where the constant term does not depend on energy E and contains all divergences. Since we
are interested only in the E dependence at large E, we use (4.53) to evaluate the action,

E
S = /T(E)dE —ET(E)
0
) o 4 (4.58)
eo ) - (W) (5 o)
PN gi) 303\ 47 d—2 62) "’
which determines the wedge free energy in the case of (E-O) boundary conditions,
2
1
1 NV
FE0) = _Vol(H) (3) (4.59)

3\63 4T

Similarly, in the case of (E-E~) boundary conditions, the action in the limit £ — o0
takes the following form,

2T(E) ! T(E) r (%>2 )
_ L 2 _ 2 _ 3 L
S= O/ dt(Q(aty) V(y))-? 0/ (0 =28 T(B) = 57 F +O<Ei)'

Since the period is doubled compared with the case of (E-O) (see (4.52)), we have the
following identification between FE and 0,

2
4 11 r(3) 1
b= = E=g i 5 +0(92>‘ (4.61)

Consequently the free energy in this case evaluates to,

2

T(l

F<E-E*>:%VO1(HH> f“f) = 16F(9), (4.62)
T

The method presented above relies on the fact that we have found the exact form of the
classical solution (4.46) and it gives us access to the wedge free energy as an exact function of
E (equivalently 6). However since we are mainly interested in the F — oo limit, we can also
determine the Casimir energy without the explicit solution and by directly expanding around
E = oo. To illustrate how this works we again consider the case of (E-O) boundary conditions.
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In the £ — +oo limit, the period of motion from y = 400 to y = 0 can be determined
as follows. We first note the following integral representation for the half-period,

—+00 —+00

d 1 1
T(E) = / 11/ — = / da —, (4.63)
0 \/Q(E—§y2+zy4) V2E1 ] \/1+1m RPN

where in the second step we have rescaled y = F iz, Expanding around E — oo gives,

7 1 1 r(d) 1
TE:/d:c+(’)<>: +O<>, 4.64
=t | s O\e) T e T (4.64)

which indeed coincides with the first term of period T'(F) in (4.53).

Analogous calculations for the (E-sp) and (E-E¥) cases are straightforward. The Casimir
energy then follows from the relation (2.10) with the free energy after plugging in the fixed
point coupling (3.3). Below we summarize the final results to leading order in € for the fusion
of extraordinary boundary conditions with various boundary conditions,

1 N+8_/1\8 _ 1 N+8_/1\8
£(B0) _ r () gEE) _ 1 T () 4.65
6144 mle 4) 384 mle 4/ 7 ( )
8 8
c@sp) _ 1 N+8, <1) ety _ L N+8, (1) '
24576 we 4/’ 1536 7ie 4

It would be interesting to understand if the hierarchy among the Casimir energies above
can be understood in terms of the RG flows connecting the different boundary conditions
on the one side of the wedge.

4.2 Gross-Neveu model in d =2 + €

In this section, we study the Casimir energy of fusion between conformal boundaries in the
Gross-Neveu (GN) CFT described by the following action

S=— / dlz\/g (mwi + g (\11\1:)2> , (4.66)

where again @ = 1,..., Ny and we introduce N = Nycq with ¢4 defined earlier in section 3.4.1.
In d = 2+¢, the theory admits a fixed point with critical coupling [92] (or see [93] for a review)

m
€.
Ny—1

gx = (4.67)

The conformal boundary conditions in this model have been recently studied in [94] and
are defined as

YW =Ty = (7)), (4.68)

where 77 is a normal vector to the boundary and the two possibilities are related by parity.
These boundary conditions ensure that there is no particle current through the boundary [95—
97]. As we have done for the scalars, we will study this fermionic model inside a wedge with
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an opening angle 6. We show below that the leading contribution to the free energy F' in
the limit of small opening angle 6§ is of the expected form

F &
o= gd—_Nl (4.69)

where the Casimir energy Egn for d = 2 + € for different boundary conditions is,

++ _ o—— __

Edn=Ean = — ]\;T+48Nf <7+log7r—2</((22))> +0(€%), .
Nymw ¢'(2) 32Ny - 1)) o). (4.70)

TN log 47 — 2
24 f<7+°g TR 2 (N -1

In section 4.2.1, we first study properties of free fermions inside a wedge. We then consider
the interacting model in section 4.2.2 and determine the Casimir energy.

4.2.1 Free fermions in a wedge

We start by analyzing the two-point function of free fermions in the wedge geometry. The
main result of this subsection which will be useful in the following subsections is the one-point
function of the fermion bilinear operator inside the wedge given in (4.81) and its expansion
in d = 2 4 € dimensions given in (4.87).
To simplify notation we consider a single fermion with a fixed flavor 1) = W!. The Dirac
equation in the wedge with cylindrical coordinates (4.6) is given by'®
6D (zy — x9)

( PO, + i 6 + g +7- 51) Gy (1, 1592, p2, Y12) = Ba— (4.71)

where 412 = 41 — #2. In addition, we have a choice of boundary conditions at the boundaries
of the wedge, i.e. at ¢ = 0 and at ¢ = 0,

VGy = +Gy or VGy = -Gy . (4.72)

Consequently, we label the possible wedge configurations by +4, ——, +— or —+, where the
first sign corresponds to the boundary condition at ¢ = 0, and the second at ¢ = 0. This
two-point function is related by a Weyl transformation to that on S' x H?~!. We find the
following solutions depending on the boundary conditions,

Z N (n, 1) G (p1, pa, 12) P (—1, 02) b4/
n d—1 )
G n€Z>o 27"(0102)7 (4 73)
Y= A d—1 PN , .
s T a Py (n,01) GY (p1, p2, t12) P (—n, @2) P
& . et L=/
n€Zogtl 21 (p1p2) 2

where we have introduced the projector and constant «,, defined below,

A~ iny¥ -Tn ST 1 0
Py (n,p)=e" 7 (e’T‘P + fy‘pe"T‘P) , ay = { N n# 0 (4.74)
2> =

18For simplicity, we will often drop the argument of the propagator when there is no room for confusion.
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This projector ensures that the corresponding two-point function satisfies the correct boundary
conditions.
The Green’s function G]gdfl on H% ! with a mass - satisfies the following equation,

L o= d—2 nmw - . _ oy L L
(Pl (’Yp@pl +7- 81) - P+ 9) ng (prs o i2) = —pt0(p1 — p2)8D (1 — o) -
(4.75)
As was reviewed in [94], there are two solutions to (4.75) corresponding to two possible

boundary behaviors. The first solution is called the standard quantization and satisfies the
following boundary condition,

d—1

d—1 . N
VG (p1, p2, y12)]p1_>0 = —sgn(n)Gy  (p1, p27y12)|p1_>07 (4.76)

which is valid for any n. In this case the leading boundary spinor operator has dimension
A, = % + %’.19 The other solution is called alternative quantization and satisfies the
following boundary condition,

d—1

d—1 R R
’YPGE (P17P27y12)|plﬁo :Sé%“n(”)G]iI (,01,/)2,3/12)|p1%0 (4.77)

which is unitary only for % < % In this case the leading boundary spinor operator has

dimension A, = % - o
Since we are interested in unitary theory the only possibility for all modes but n =0

modes is to choose standard quantization solution with the following explicit form [94],
d—1
- (5 +1)
nm d
r (% + %) 479 (4m) 2 /pipa
(

YPp12+7-Y12) F(mr 3—d nw onmt 1
(+eTerE I\

Hd71 .
Gy =

P(—~P - 3—d 2 1
—san(n) Pt p2) T o) <”7r 3—d nm m)]
(14867 €7 0 2 0 0 ¢
(4.78)
i e Pltit
where we have introduced the cross-ratio £ = W.

On the other hand, for n = 0 we have the following two choices [94],
d—1 N N
GHL r (T) (Fp2+7-912) 1 P (APlprtp2) +7-412) 1
2 (4m) T NV VPip2 1+ |’
(4.79)
= iGEdfl(m, 09, zﬁ?)‘pl—w respectively. As we show

. . d—1 .
which satisfy v/Gy" (p1, p2, J12)|, o
below, the free energy does not depend on this choice in the leading and next to leading

order in e.

19As in the case of scalar, these operators live at the boundary of H?™! so in the original setup, at the
intersection of the two boundaries that make up the wedge.
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Finally, as a consistency check, using (4.75) we can verify that the solution (4.73) indeed
satisfies (4.71):

¥ Sy
(’)/papl + —('“)m + — +’}/ . (91) G¢
p1 2p1 (4.80)
_ 1 o @2 o oy 6Dz — )
i (0(p1 = p2) F70(p1 + @2)) 6(p1 — p2)8*" 7 (1 — 1) = B
where in the last step we have dropped d(¢1 + 2) since 0 < ¢ < .
To calculate the one-point function of (1) (x)), we evaluate the trace of (4.73), expanding

it around ¢ = 0, and keeping only the ¢ independent term

- __2mey sin <%Tn90) r (357d) r (%1 + %n)
) = e (a.81)

where ¢g = 2[%], and the overall — sign corresponds to either 44 with n € Z>¢ or +— with
n € Lxo+ % Similarly, the overall 4 sign corresponds to either —— with n € Z>g or —+ with
n € Zxo + % Note that there is no contribution of n = 0 modes to the one-point function.

The +— / —+ case with § = 7 describes free fermions on the hyperbolic space H¢. Indeed,
boundary conditions (4.72) in this case can be written in a compact form as (77 - ¥) Gy = £Gy,
where 7 denotes the normal vector at the boundary of H?. They correspond to the two
conformal boundary conditions of [94]. As a consistency check, we show below that the
wedge one-point function (1)(x)) in this special case coincides with the one-point function
with +/— boundary conditions for the fermions in the hyperbolic space up to a Weyl factor.
Indeed, the sum in (4.81) for this case can be performed explicitly,

- B sin (2nep) cgl’ (3%‘0 r (% + n)
W = 2n€Zzo+1/2 (47)2 /7T (3%61 + n) p=t

d

cal (354 s , . . ,
= i d( 2 ) (2) e P {QFl (17d’2_d’e—2w) _621902}:11 (17d’2_d362up>:| .
(47)% /mp?—1T (%) 2°° 2 )

(4.82)
Now, using the hypergeometric identity which transforms oF}(a,b,c,1/z) into linear com-
binations of oF}(a,b, ¢, z) [90], we find

4—d
d . d1 d . d I (T)
Fl1%9_% 2y _.p(1.%29_% _ gd-1 1 )—d+l a2\ 2 )
2 1(72> 2’,8) <2 1(72> 2,Z> \/7?( Z) ( Z) F(%)’
(4.83)
with z = ¢?%. Inserting (4.83) into (4.82), we arrive at
d
b - el () 4.84
(Yo(2))g=r = F (4.84)

(47)2 (psin )t

d—1

which coincides with the result in [94] up to the Weyl factor (psin¢) as expected.
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In the case of + + / — — boundary conditions on the wedge and 6 = 7, we can also
perform the sum over n explicitly,

_ B sin (2ny) cgl’ (?’g—d) r (% + n) . cql’ (ﬂ) r (%) i
(Vp(x))o=r = F 2n§Z>O Y Iy (¥+n) e T TR 11“(%) ¢

d+1 d+1 » » d+1 d+1 o
X |:2F1 <17 ;— 73_ ;_ )621@>_€4l@2F1 <1) _g ,3_ _; ,€2Z@>:| .

(4.85)
In this case the (11)(x))g—r no longer has the simple behavior associated with a homogeneous
conformal boundary as in the previous case. Instead the corner of the wedge persists as
a nontrivial codimension-two boundary-changing defect operator at § = m and the above
describes the one-point function of 11 in the presence of this boundary changing operator.
We now come back to the general case and evaluate the one-point function (1¢)(z)) at
general 6. By separating finite and divergent pieces in (4.81) for 2 < d < 3 and applying
zeta regularization for the divergent piece, we obtain the following,

_ __2meq sin (2’;’%;7)1“(%) F(@
oty == TS =

+ 27 chsm (*72¢) T (%3) (fﬂ)Q_d .

05 4mEymp!

The first line above is finite and vanishes in d = 2 case, while the sum in the second line can

be performed explicitly. For example, in the case of + — / — + boundary conditions, it can
be represented through the Lerch transcendent function. In d = 2 + €, we obtain

_ ﬂFﬁcot”“OU tA /=
(i () = 1 (4.87)

— 40 -/ —+.
2(9/) sin % Ol +-/-+
The special cases of § = 7 agree with (4.84) and (4.85) as expected.

4.2.2 Interacting wedge in € expansion and free energy

We are now ready to determine the Casimir energy of fusion for conformal boundaries in the
Gross-Neveu model. As before, the wedge free energy receives contributions from the free
fermions and the interaction term. Using the hyperbolic space picture, we may write it as,

F(0) = Fo(0) + I(0)

NVl Hd 1) (28 + i) Plog (M +758) o
=l ( Z/ N . /dd (Tw)).

(4.88)
The sum in the above equation is over n € Z>( for + + / — — boundary conditions and over
n € Lo+ % for + — / — + boundary conditions. In the first term of the second line above, we
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have used that the degeneracy of Ny free massive fermions on H?~1 is given by [88, 98, 99],

NVol(Hd—l) 0 (452 +ix) [
(4m) 7 T (45) [0 (3 +i) P

1(A) = (4.89)

Indeed, working on S; x H1, we can decompose the fermion field ¢ in the wedge on Sel as:

1 1 N .
w(w):\/—@ = > lPi(n,w)xn(p,y) +—/—+
7162204»5
@) = —— LBy (0,6) xo 3 o o+
T)= —FH n n\pP» - -
2\/5[)% + @Xopy P ‘PX P

(4.90)

After performing a Kaluza-Klein reduction on Sé and using that ¢ = ¢4* and (v‘P)T =%,
we obtain the following action for the massive fermion modes on H?~! for the + — / — + cases,

dpdy _ d—2 nmw
s== ¥ [Slp(ro+a8) - T @
nes> 0+*
while for + 4+ / — — we have,
dpdy _ d—2 1+4¥
o /p?{xo“paﬂa) ) [
(4.92)
dpdiyj _ d—2 nmw
/ 1Xn|: ”6 +7- 3) 5 7"+9}xn,

which includes the fermion zero mode. The formula for the free energy (4.88) then follows
as before for the bosonic case.

To proceed with the evaluation of (4.88), we first consider the free part Fy, which we
determine in the small 6 expansion and the result is given in (4.97). We then study the
interaction piece I(6) that eventually produces the final result summarized in (4.102).

Applying the same trick as we have done in the scalar case, we differentiate Fj(0) with
respect to 6 to obtain,

OF(6) NVO](Hd_l))Z' 72;(;;%) Lot

06 :(4n)%r(% D (3+in) P ()

where Z/n means that the n = 0 mode is excluded and we will treat the contribution from
the zero mode separately below. By closing the contour in upper half A\ plane, we have

d—1 2. 2 (4l _nm)p(d-l | nm 2
e e
—cot<(d_1)7r>r(d§1_7zr)n: (%—i_%) sin mTT, (4.94)
2 nx 0
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where the first term in the square brackets comes from the residues at A = "> and the

second term is the sum over residues at A = ¢ (% + s) with s = 0,1,.... The above can
be further simplified to,

OFy(0) J\fVol(Hd—l)F1 (3%6[) Z/ Z,;T(dwlg) (4.95)
S+

0 (47) 07T

Expanding in small  with lim ngg; = 228 and then integrating over 0, we get

Fy() = YV D) (1 - d) iy (o) 7 ! (4.96)

(4m) 7 2 J24 6t

which can be evaluated using zeta regularization,

™

B 0) = £y (0) = Wol ) 2o (5) ¢ca).

ol

(4.97)

s

gagi Tl (;) (1 - 21—d) ¢(d).

The above is consistent with the results in [96] where the slab geometry was considered.

[N]IsH

E=(0) = Fy H(0) = —NVol(H4 ™)

For the case of ++ / — — boundary conditions we should be more careful, because we also
need to take into account the contribution from the n = 0 mode. As in the case of scalars,
we need to incorporate the first correction to the free energy from the zero mode otherwise
the wedge free energy will have IR divergences. By applying the same logic as in section 4
(see around (4.34)), we find that the correction to the zero mode energy in this case,

B =% (v - 3) [dettive) = o), (199)
where xo = xo(p, ¥) is the zero mode and we have used (4.86). Since we are only interested
in the wedge free energy to leading orders in €, the § dependent part of (4.97) does not
receive additional contribution from the zero mode to this order. This is in contrast to the
scalar case where the zero modes correct the Casimir energy to order €3/2. Thus, as discussed
around (4.79), the two choices of boundary conditions on H~! for n = 0 in the case of
+ 4+ / — — produce the same free energy in the leading order in e.

To determine the contribution of the interaction term I(6), at leading order in €, we use
the one-point function computed in the previous subsection,

% [ dtatutar) =Sy (N - ) [ st (1.99)

at d = 2 given in (4.87) since g« ~ €. To regularize the divergent integral over ¢, we could use
the dimensional regularization similar to the scalar case (see around (4.35)). Alternatively we
may also regularize the divergence in (4.99) as follows: we start from the sum representation
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of the one-point function (4.81) and perform the integral over ¢ first,

_ 0 QWF(%d) ’ , F(%Jr%) ? e 2d—4
[ et = [ et (W) > (F(+) (%)

9_qf 2rl (%) ’ () 244
(4.100)

Now the sum in the first line above is convergent for 2 < d < 3 and can be performed
numerically, while the sum in the second line can be performed analytically with zeta
regularization. Restricting to the d = 2 case, where the sum in the first line of (4.100)
vanishes, we find,

g 1 9 - 9 0 +—/—+,
oV <N - > /d 2lp(@))” = {v I(H') = Nj(2Nj—1) (4.101)
2 2 S oo T/

Thus, expanding the free fermion contribution (4.97) around d = 2 + € and combining
with (4.101), we obtain the Casimir energy below,

/=t _ _Nymem B C'(2)> 2
Ean =21 —I-48Nf <’7—|—10g7r 2 o + O(€?), o
tt/— _ Nym e _¢(2) 32Ny -1 2 ‘
Ean' = 15 24Nf <7+10g47r 2C(2) 2 (N =) + O(€7).

4.3 Numerical treatment of the large N model

In this section we will consider the critical O(N) model in the wedge using lattice regularization.
We will tackle this problem numerically directly at large N (in the strict N — oo limit),
which should provide insights on the analytical treatment of the problem at the physical
dimension d = 3. Such an approach also serves as a complementary counterpart to what
was discussed in the previous subsection.

Let us briefly review the critical large N vector models in flat space (see [93] for a more
detailed review). We start with the following action as before

Sl6/) = [ a5 (0,07)" + mi(o" + ot (g1 (4.103)
2 \7H 0 4N ’

where mg, A\g are bare mass and coupling constants, which should be fine-tuned to bring the
theory to criticality. We introduce the Hubbard-Stratonovich (HS) field o and integrate over
the fields ¢! to obtain the following effective action for o,

2
Slo]=N 1tr log [-A + o] + /dd:c oo + G . po = @’ (4.104)
2 4o Ao

which can be evaluated by saddle-point function in the large N limit. The saddle-point
equation for o, also known as the gap equation, reads

1 o
= A 4.105
B RCORI Ry S s (4.105)
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after choosing a regularization scheme R. The notation [..](x,z) above represents the trace
over the matrix operator [..]. To reach criticality, we solve for up = pierit by requiring that
o = 0 in the flat space time. One can check that if 2 < d < 4 the second term on the r.h.s.
of (4.105) is irrelevant in the IR and can be neglected. Thus to the leading order in the large
N limit, it boils down to solving the following equation,

=] (@)= e (4.106)

Now we can apply this technique to our setup which involves the vector model on a
wedge geometry. We work with the physical dimension d = 3. Note that the metric and

the HS field ¢ on such a background take the following form
1
ds* = dy* + dp* + p*d¢”®, ¢ €[0,0], o(p,¢) = o) (4.107)

where o(¢) is some unknown function and to be determined by minimizing the effective action
(free energy) for o. Once o(yp) is fixed, then in principle we can determine any correlator in
this geometry to leading non-trivial order in the large N limit. Below, we will calculate the
wedge free energy by taking the coincident point limit of the two-point function as we have
done in the previous subsections using € expansion. We will encounter some divergences in
the process which we will regulate by working on a lattice. We will then minimize this free
energy to determine the profile of ¢ and hence get the free energy at the critical point.
The scalar propagator of ¢! satisfies the following equation,

1 —9? + o(p) 1
<—3§ - 05 - P “OT Gly,pr o,y 0 @) = S0l = P30 —&)oly —y).

Note that the angular part is completely decoupled and we can find the eigenfunctions &,
and the corresponding eigenvalues E2

(=02 +0(p)) &a(0) = B2al), 3 Enl@)en(9) = b(p — ). (4.108)
Then using these eigenfunctions, we can expand the propagator into the following sum,

1
G Y, p, ay/a ,a ! = é-;kz gn ! 7Gn ) /,Z/,y, I 4109
(v, 00,90, ') Xn: ()n() 5 Gnlor bl :4) (4.109)

where G, is the propagator for a massive scalar field with mass /E2 — 1/4 on H? which
satisfies

(—p2(3§ +97) + (EZ - 1/4)) Gulp:p',u,y') = p?0(p = )0y — o). (4.110)
The explicit solutions are given by Legendre @Q-functions [100]

(p=r)+y—y)*

Gl 9 = Gal2) = Q_y 5, (2), 2= 14 LEL] (1111)
Expanded near Z = 1, the above becomes [101]
1 1 1
Q 1.5, (2) = 5log2 —y <En + 2) S log(Z 1)+ 0(Z - 1), (4.112)
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where 1 (z) is the digamma function. We will adopt the MS scheme to regularize the
propagator and obtain at coincident points,

Zén (E + ;) (4.113)

This sum is still divergent, which we will handle with a lattice regularization. We first
consider the case when there is no wedge (i.e. § = 27 in the metric (4.107) with periodic
boundary conditions) to benchmark the numerics. We approximate this circle by a lattice of
N sites located at the angles ¢; = % In this situation, we can approximate the Schrédinger
operator in (4.108) by the following finite dimensional matrix N x N,

e R ) P (4.114)
with
2 -1 0 ...-1
12 -1...0
N? . 2mi\ |V
[@}NWZ oz R B [o(@)lvxn = diag [a (K;)L_l (4.115)
10 0 ... 2

Such a matrix can be diagonalized using Matlab to find energies E, and eigenfunctions

~ N

&n(@i), which are normalized as Z §n(g01)§n(goj) = N;j. The regularized propagator at
=1

coincident points then follows from

z

A* 1
pG(p, i) = Z 7 (0)€n (i) (En+ 2) : (4.116)

In the large N vector models, this regularized one-point function by the virtue of the
equations of motions is equal to the parameter p

N
o R 1
= Enlpi)énlpi)y (En + 2) =, (4.117)
n=1
and by setting p to peris we tune the large N vector model to criticality. In the absence

of wedge, this simply corresponds to setting o(¢) = 0. In this situation we know the
corresponding eigenfunctions and energies,

2min 2
En(pi)=€e N, E,= £51n2 % flexit = Z P (s 2 7;\7; + ) (4.118)

Now we will consider that in this lattice realization of the S! we chop a sub-lattice (a segment)
of size k and impose on the two ends the Dirichlet (ordinary) boundary conditions.?’ This

20The Neumann (special) boundary conditions could be implemented in a similar fashion, but the proposed
numerical scheme becomes very unstable. This is because the special fixed point is not IR-stable in the
boundary RG sense and can flow to ordinary fixed point as was discussed in [82].
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Figure 7. On the left panel the dependence of the Casimir energy on the angle of the wedge is
displayed. On the right panel the typical profile of the HS field o for 0 = 7.

would correspond to the study of the wedge CFT with angle § = %—k Then we can apply the

same techniques as before but instead of considering a Hamiltonian matrix of size N' x N,
we consider one of size k x k. Again, we need to solve the following spectral problem for
new eigenvalues E, and eigenfunctions &,(¢;),

k
Hkxkgn = Enf_nv Z g;;(gbz)gn(@b]) = Né@] )

n=1

ko _ _ 1 m™m 1
Z n(9)En(pi) 0 (En + 2) = [lerit = Z (G (sm2 i 2) (4.119)

This equation could be solved using gradient descent by noticing that

k
,* _ 1
Z n ‘101 én Pi ¢ (En + 2) — Herit - (4.120)

In this way we can find numerically the o(p) configuration for any opening angle 6 by
performing the above procedure for the corresponding value of k. For large enough N, we
can approximate any opening angle in this way. If we know the energy levels F,, we can
extract the free energy as below,

a k En 1 D w(72) 1 I /’LCI‘lt
it l_‘hflogr (2 +E") " an (2 L ) /d o)~ fob,  (4.121)

where fj is a cosmological constant counterterm for the free energy. Let us emphasize that in

the above formula, there is always an contribution coming from free energy of BCFT on the
boundaries of the wedge (extensive in the boundary directions). These contributions must
be explicitly subtracted to get the Casimir energy that captures the interactions between
the boundaries.

By implementing the above numerical procedure, we find that the typical profile of the
HS field o is of the form presented in the right panel of the figure 7. Near the boundary
of the wedge, we should recover the usual BCFT result. Indeed one can check that for
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small ¢ the o field behaves as 0 ~ —%32, that is in agreement with the results of [59].%!

In the left panel of the figure 7 we present the numerically computed Casimir energy as a
function of the opening angle of the wedge 6. For small 0, the dependence becomes power
like F'(0) = —(2'451&)'(9—25”1073. The 1/6% dependence is again as expected at small 6 from
general considerations as discussed in section 2.2.

5 Discussion

In this paper, we pursue a general investigation on the fusion of extended defect operators
in conformal field theory of dimension d > 2, which generalizes the more familiar operator
product expansion for point operators. We define a fusion product for a pair of parallel
defects after subtracting divergences at small transverse separation and explain general
properties of the corresponding fusion algebra for defects. The aforementioned divergences
are themselves physical observables that keep track of the interactions between the pair of
defect. In particular, the leading divergence captures the Casimir energy due to the defect
insertion. Furthermore we explain the relation between parallel defect fusion and a wedge-like
defect configuration in CFT. The latter together with the utilization of hyperbolic spaces
provides an efficient tool to extract the Casimir energy between interfaces (boundaries). To
supplement the general discussion, we have determined these defect fusion data (e.g. fusion
algebra and Casimir energy) for a variety of concrete examples including line defects and
interfaces in the scalar O(N) CFT and the fermionic Gross-Neveu(-Yukawa) CFT.

The ideas described here can be used to study the fusion of more general defects in
CFT. One obvious target is the monodromy defect for global symmetries, such as the O(NV)
monodromy defect studied in [55]. In the free theory of a single complex scalar @, the U(1)
monodromy defect Dy is defined by demanding that the scalar ® picks up a phase as we go
around the defect (using the same coordinates as in (2.7) with the defect at p = 0),

®(f, p, ) = € O(F, p, o+ 2m), D~ + 2. (5.1)

Intuitively, the fusion product for such a monodromy defect is Dy, o Dy, = Dy, +y,. However
the Casimir energy is much less obvious. Another interesting example in this class of CFTs is
the magnetic line defect in the O(N)?3 tensor model studied in [102]. In this case, there are
a large zoo of conformal line defects corresponding to different, inequivalent choices of the
source term .J,;. under the action of O(IN)3, and because of that we expect the structure of
defect fusion in the tensor models to be a lot more intricate. For the fusion of codimension-
one defects, it would be interesting to consider cases with interactions localized on the
boundary [103—-105], which can define a nontrivial boundary condition even when the bulk
theory is free. Another interesting phenomena to study will be the fusion of defects of different
co-dimensions, for instance, the fusion of line defects with boundaries. Apart from exploring
examples for defect fusion, it would also be important to understand general constraints on
the fusion algebra and the Casimir energy from basic principles such as unitarity and locality.

We have used the wedge geometry to analyze the fusion of conformal boundaries (also
factorized interfaces) and in particular to extract the Casimir energy in section 4. However,

21For BCFT with ordinary boundary conditions, it was shown in [59] that at large N, the saddle point value
of o is (d —2)(d —4)/4 which is —=1/4 in d = 3.
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studying CFT on a wedge geometry is an interesting problem in its own right, which has
received some recent attention [84, 85]. In particular, as was pointed out in [84], one can
write a crossing equation by demanding that the one-point function of bulk operators, when
expanded in terms of operators on two different boundaries agree with each other. It will be
interesting to exploit this crossing equation in explicit interacting examples such as the large
N critical O(NN) model or Gross-Neveu model. We expect the hyperbolic space method we
have employed here to calculate the wedge free energy will be useful in this context. There is
also potentially one additional channel where the bulk operator is expanded into operators at
the edge which could lead to one more bootstrap equation for the wedge setup. It is worth
exploring if this approach provides additional constraints on the wedge CFT data.

Finally, most of our calculations here in the explicit models utilized the € expansion. It
will be useful to develop complimentary approaches such as large N expansion which may give
us direct access to defect fusion in the strongly coupled CFT at d = 3. It is possible to study
this numerically directly in d = 3 as we have done in section 4.3 for the fusion of ordinary
boundary conditions in d = 3 critical O(N) model. But it will be desirable to develop an
analytic approach at large N in arbitrary dimensions which can serve as a cross-check of
our results in d = 4 — € which apply to arbitrary N.
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