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ABSTRACT: We study monodromy defects in O(NN) symmetric scalar field theories in
d dimensions. After a Weyl transformation, a monodromy defect may be described by
placing the theory on S! x H4 1, where H% ! is the hyperbolic space, and imposing on
the fundamental fields a twisted periodicity condition along S'. In this description, the
codimension two defect lies at the boundary of H%~1. We first study the general monodromy
defect in the free field theory, and then develop the large N expansion of the defect in
the interacting theory, focusing for simplicity on the case of N complex fields with a
one-parameter monodromy condition. We also use the e-expansion in d = 4 — ¢, providing a
check on the large N approach. When the defect has spherical geometry, its expectation
value is a meaningful quantity, and it may be obtained by computing the free energy of
the twisted theory on S' x H?!. It was conjectured that the logarithm of the defect
expectation value, suitably multiplied by a dimension dependent sine factor, should decrease
under a defect RG flow. We check this conjecture in our examples, both in the free and
interacting case, by considering a defect RG flow that corresponds to imposing alternate
boundary conditions on one of the low-lying Kaluza-Klein modes on H%~!. We also show
that, adapting standard techniques from the AdS/CFT literature, the S' x H4! setup
is well suited to the calculation of the defect CFT data, and we discuss various examples,
including one-point functions of bulk operators, scaling dimensions of defect operators, and
four-point functions of operator insertions on the defect.
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1 Introduction and summary

Conformal defects are extended objects in a conformal field theory, which preserve a subgroup
of the original conformal symmetry. A codimension ¢ flat or spherical conformal defect
in a d-dimensional conformal field theory preserves a SO(q) x SO(d — g+ 1, 1) subgroup
of the original SO(d + 1,1) symmetry group (see [1] for an introduction to the subject).
SO(d — g+ 1,1) represents the conformal group on the defect, and SO(q) corresponds to
rotations around the defect. For the correlation functions of operators on the defect, SO(q)
acts as a global symmetry. Even though only a subgroup of the full conformal symmetry is
preserved, the correlation functions are highly constrained. There has been a lot of recent
activity in analyzing the consequences of these constraints [1-9].



In this paper we study monodromy defects, working with scalar field theories as our
main example.! A monodromy defect is a codimension two defect, so ¢ = 2. To describe this
codimension two defect in flat space, we can parametrize coordinates as z = (7,6, y) where
i/ represents d — 2 dimensions along the defect while r, 6 are polar coordinates perpendicular
to the defect. The defect is located at » = 0 in these coordinates. A monodromy defect in a
CFT with a global symmetry group G may be defined by requiring that the fields satisfy

o(r, 0 + 2m, ) = ¢(r,0, 7)) (1.1)

where ¢ is a non-identity element of G. For a free scalar field and 3d Ising model, G = Zs.
Such a monodromy defect in the 3d Ising model (where it is a line defect) was introduced
in [12, 13], and further studied in [8, 14]. In this paper, we consider more generally conformal
field theories consisting of N scalars that preserve an O(N) symmetry, so G = O(N). We
discuss both free and interacting O(N) model, using the large N and e expansions. Already
in the free theory, the structure is richer compared to the case of a single free scalar. Some
results for the monodromy defect in critical O(/N) model in d = 4 — € were also obtained
in [15].

A codimension two defect may also be studied by mapping the problem to a hyperbolic
cylinder, S' x H4=! (for previous examples of conformal mapping to H™ x S™ spaces to
describe conformal defects, see e.g. [2, 11, 16, 17]). A flat defect in flat space can be related
by a Weyl transformation to S x H%! as follows

dij)? + dr?
ds]?gd = 7"2 <( y) ’I”;_ ! + d€92> = 7‘2d8§1><Hd—1 (12)

with 7 and 7 being the Poincaré coordinates on H%~! and 6 being the coordinate on S'. The
monodromy defect is then simply described by imposing twisted periodicity conditions (1.1)
along S' in the path integral for the theory on S' x H9! (for instance, in the Z, case,
this just means taking the scalar to be antiperiodic on S1). The defect is located at r = 0,
which is the boundary of the hyperbolic space. The hyperbolic cylinder setup that we
use here is similar to that used in [18-24] to study Renyi entropies and their charged
generalizations [25, 26] for a spherical entangling region.? Starting with the theory on
St x H% ' one can then perform a Kaluza-Klein reduction on S' to obtain a tower of
massive fields on H%~! with the defect theory on its boundary. Standard techniques from
the AdS/CFT literature may then be used to obtain results for the defect CFT data. For
example, the scaling dimensions of the defect operators can be related to the masses on
H% 1. Other examples of defect CFT data may also be extracted conveniently from the
hyperbolic space setup, and we will discuss a few explicit such calculations below. Similar
ideas have been used in the literature for boundaries in conformal field theory in [28-32]
and for higher codimension defects in [11]. Field theory on a hyperbolic cylinder was also
studied in [33-35].

! Conformal defects in free scalar theories were recently discussed also in [10, 11].

2In that case, rather than a twisted periodicity condition, one lets the inverse temperature, i.e. the length
of S, be 2mq to describe the gth Renyi entropy. This setup can also be thought in terms of defect CFT, as
discussed in [17, 27].



A monodromy defect with spherical geometry may be described in the same way by
simply using, instead of the Poincaré metric in (1.2), the hyperbolic ball metric for H d=1
so that the boundary is the sphere S?~2. For a spherical defect, it is natural to define
its expectation value (D). In the hyperbolic space setup, this expectation value can be
obtained in terms of the free energy of the twisted theory on S' x H4 ! as

- 10g<D> = Fiwisted — Funtwisted (1.3)

where Fiyisted and Fiuntwisted are the free energies on S x H%! in the presence and absence
of a monodromy defect respectively. The subtraction of the untwisted theory free energy
corresponds to normalizing (D) by the partition function of the theory without defect.

For a range of masses, massive fields on H9~! have two allowed boundary conditions [36],
which in our setup are interpreted as different defect CFTs, which sit at the endpoints
of a RG flow localized on the defect. It was conjectured in [37] (generalizing a similar
proposal [38] in the absence of defects) that for a codimension ¢ defect, the quantity
defined by

D = sin <7T(d2Q)) log(D) (1.4)

decreases under RG flows localized on the defect. Note that, when the dimension of the
defect d — ¢ is even, the expectation value has a logarithmic divergence related to one of
the conformal anomaly coefficients of the defect. This divergence appears as a pole when
working in dimensional regularization. The sine factor in (1.4) cancels the pole and D is a
finite quantity proportional to the anomaly coefficient. On the other hand, for odd d — g,
the expectation value is finite and the sine factor is just an alternating sign. We explicitly
check the proposal that D decreases under defect RG flows in the examples we study, by
calculating the defect expectation value on S x H?1. We verify that whenever the defect
RG flow is such that scaling dimensions obey unitarity bounds, D decreases under the flow,
but this does not hold true for non-unitary flows.

We now provide a summary of the rest of this paper. We start in section 2 by studying
monodromy defects in the free O(N) model. We discuss the most general monodromy
defect, and show that it is essentially sufficient to study the monodromy defect in a single
free complex scalar field theory, and the results for the most general monodromy defect
in free O(N) model follow from the results for this case. We start by describing the
monodromy defect in flat space, and then explain how to map the problem to the hyperbolic
cylinder ST x H?~1! by a Weyl transformation. We also discuss how an alternative Weyl
transformation maps the problem to the d-dimensional sphere (with twisted periodicity
along one angle). We calculate various defect CFT observables, including the dimensions
of the defect operators and one-point functions of bulk operators with spin. We define
and calculate the expectation value of a spherical defect using both the S x H?! and S¢
setups, and show that they agree. In section 3, we then study a defect RG flow in the free
theory. The two defect CFTs connected by the RG flow correspond to the two possible
boundary conditions for one of the low-lying KK modes on H% ! in the S' x H ! setup.
A similar defect RG flow in the case of non-monodromy defects in a free scalar theory was
discussed in [11].



In section 4, we study the monodromy defect in the interacting theory of N scalars
with a ¢* O(N) invariant interaction. In the interacting case, we study the simple situation
of 2N scalars with N pairs mixing into each other as they go around the defect. This is
equivalent to studying a monodromy defect for N interacting complex scalars with the
same monodromy for all of them, and it preserves a U(N) symmetry. The case of Z3
monodromy on all scalars, generalizing the Ising case of [13], can be obtained as a special
case. We develop the large N description of the monodromy defect, and calculate the
scaling dimensions of defect operators to leading order at large N. We also study the defect
expectation value and the expectation value of the bulk stress-tensor, which is proportional
to the “conformal weight” [16, 17] of the defect, to leading order at large N. We then study
the same defect in the Wilson-Fisher € expansion in d = 4 — ¢, and provide some checks
of the large IV analysis. We also calculate correlation functions of the defect operators by
computing Witten diagrams in H%! to leading order in e. We then conclude in section 6
and mention some future directions. Appendices contain some technical details and some
useful integrals.

2 Monodromy defect in free field theory

Consider an O(N) symmetric theory of N free scalars in flat space. The most general
monodromy defect that we can define imposes that the scalars satisfy [15]

¢'(r,0 +2m,9) = G’ (r,0,5), G € O(N). (2.1)

The most general O(N) matrix G!7, can always, by a change of basis, be brought to the
following form

R()

R(Vy)
2.2
sintd cosd (2:2)

R(Y) = [cosﬁ —sinﬁ] .

L :tl_
So there are k pairs of scalars that mix into each other and the rest either remain unchanged
or pick up a minus sign as they go around the defect. We can then combine each pair into

a complex combination ® = ¢! + i¢? and the monodromy can be represented as
®(r, 0 + 21, 7) = B (r, 0, 7)), Y~ + 2. (2.3)

Hence ¥ = 0 describes the trivial defect while ¥ = 7w describes the special case when
the two fields change a sign as they go around the defect. So in the rest of this section,
we will consider a single complex scalar with the monodromy defined in (2.3). It has a
U(1) ~ SO(2) internal symmetry® which is enhanced to O(2) for ¥ = 0 and 7 (& — @,

3Not to be confused with the group of rotations around the defect, which is a spacetime symmetry in the
bulk and is also SO(2).



which is a part of O(2) but not SO(2), is also a symmetry for these values of ¥). One may
combine these complex scalars with different ¥’s to obtain results for free O(N) model with
a general monodromy defect (for each minus sign in the monodromy matrix (2.2), one can
simply set ¥ = 7 in the result for a complex scalar below, and include an extra factor of
1/2 to describe a real component instead of a complex one). To make the expressions less
cluttered, we define v = ¥/27 and use either v or ¢, whichever is convenient. There is a
periodicity in v which implies that everything should be invariant under v — v + 1, but for
many calculations, we will fix the range of v to be 0 < v < 1. We will write expressions
specializing to this range of v, so they may not look periodic in v.

In a conformal field theory with a defect, in addition to the usual short distance OPE
in the bulk, a bulk operator can also be expanded in terms of operators living on the defect.
For the complex scalar with monodromy given by (2.3), it takes the following form [1, 13]

2509

(r,0,7) Z 0 8s=n0 Bao(r, 3,)0(9), s0 € Z+v. (2.4)

As we mentioned in the introduction, SO(2) symmetry of rotations around the defect acts
as a global symmetry on the defect. sp is the charge of the operator O under this global
symmetry and we will call it transverse spin or just spin. There is also a longitudinal spin
I, which is the charge under rotations along the defect, but we will only consider | = 0
defect operators in this paper. The remaining conformal invariance fixes the bulk-defect
two point function

C@CA ei@so

rRe=80 (12 4 (f12)2)B0 (2.5)

(D(21)0(%2)) =

where O is a defect operator that has spin —so and dimension Ap. Consistency of (2.4)
and (2.5) fixes the form of the function Bs(r, 5y)

. 00 (_1>mr2m(52)m
BA (7“,6 ) - .
© ! mz::() m!22m (Ao + 2 — %)m

(2.6)

This is similar to what was done for BCFT in [39]. In general, there could be several defect
operators of a given spin. But since ® is a free field, it satisfies the bulk equation of motion
V2® = 0, which implies

+

# 10 18 2
or: ror 12002  oF

) (®(21)0(32)) = 0
(2.7)

d
- AO:Aq):I:’SO’:§—1:|:‘So|.

The unitarity bound for the CF'T on the defect requires the dimensions of the defect operator
to satisfy

Ap > max <C2l - 2,0) . (2.8)

This is always satisfied for the positive sign above (as long as d > 2) and we defer the
discussion of negative sign until next section. So for every spin, there is a single operator



on the defect with dimension Ay = d/2 — 1 + |s|. Hence, the bulk-defect OPE of the
fundamental fields may be written as a sum over spins

B(r,0, ) = Zcéfj By (r,8,)9(5)

s€Z+v

_ . . € 2T o
®(r,0,9) = Z (C?) st(r,ay)\I/s(y).
s€Z+v
In terms of original real scalar fields, Wy = 9! + 12 while U, = ! —ip2 = 1, —ip?
where 1 appear in the bulk-defect OPE of the real scalars ¢.
In the presence of a defect, the two-point function of bulk scalars is fixed up to a

(2.9)

function of cross-ratios [1, 8]

= _ F(bh2,6) B (= )P+ (r —1)?
(P(21)®(22)) = e bro=01—0, &= s . (2.10)

Corresponding to the two OPE limits (i.e. the bulk OPE and the bulk-defect OPE), the
function F can be expanded into bulk and defect channel conformal blocks

f(0127 f) = Z CCT);(};OC](_QQA(Q,JO (€127 g) = Z ’CEIQon,SO (91275) (211)
@ O

where g and f are the bulk channel and defect channel conformal blocks respectively. The
sum on the left runs over the bulk operators that get a non-zero one-point function, and
the coeflicient is the product of the usual bulk OPE coefficient times the one-point function
coefficient of the bulk operator. The sum on the right runs over the defect operators that
appear in the bulk-defect OPE of ®.

As we determined above, the operators appearing in the defect channel have spin s
and dimension Ay = d/2 — 1 + |s|. The defect channel blocks are known in general [1, §].
For the case of a codimension two defect, they simplify and the resulting expression for the
two-point function can be written as a sum over defect operators

DB = Gaglrvay = 3 LR (A0 et 350528 13— di )
P I P ) Gq)q, T1,T2 .
s€Ztv 2(ryra) 5L/ 20 (A, + 2 — €)(4€)

(2.12)
The sum can be explicitly performed in d = 4 to get

<(I)(-'L'1)‘I)($2)> = se%;rv 87T27"17”2\/€(1 ¥ f)(\/l I é‘ 4 \/E)QAS—Q

_ (6(14—5))*1/2 ei912U (\/E—i_ \/m)Zv N 6i912v (\/E_’_\/m)Qva |
Smiriry \ <14 ez (264280 +1) e 20+ 21+ +1

(2.13)

6136’12

Note that we are using a normalization, such that in the bulk OPE limit, when x; — 2,
the correlator goes like

- -1
(®(w1)B(az) ~ g;m ) o (214)




We normalize defect operators such that C® = 1 in the free theory. The two-point function
of the defect operators is then given by

6517S2CA51 C I'(As,)

O AL As, — .
(7F5) %1 Yool (A, 2 9)

(\1151 (gl)\ijsz (52» = (2.15)

In the bulk channel conformal block decomposition, the operators that appear are the
bulk scalar ®® and the conserved currents of all spins, which can be schematically written
as i)((?#)‘]fll To extract the bulk expansion coefficients, one may use the inversion formula
of [8]. Here, we restrict to calculating the one-point function of the first few operators of low
spin. The one-point function of the operator ®® can be extracted from the short distance
limit of the correlator (2.12)

(d-1)T (% —U)F<% — 1—|-U) sin(vﬂ)f‘(%)
72 H0(d) (2 — d) '

= Ci&b P
(@D(x)) = 2 e =

(2.16)

The result for all v may be obtained from the above expression by using the v — v + 1
symmetry. Notice that the above function behaves like |v| near v = 0 and similarly for all
other integer values of v. We will comment on this non-analyticity in the next subsection,
after introducing the hyperbolic space setup.

The conserved currents, which are spinning operators, also get one-point functions. The
spin one current, which corresponds to the global U(1) symmetry of the theory is given by

Jy =i (V- 0V,0) . (2.17)

The one-point function of a parity odd spin one operator in the presence of a defect is fixed

by conformal symmetry [1]

CYe..mi
(Ji) = 717,2] ’ (Ja) =0, n; = x;/r. (2.18)
We parametrize the coordinates as x = (z¢,2%) = with 4, j now being Cartesian transverse
coordinates, a, b being directions along the defect and ¢;; is the antisymmetric tensor in
transverse directions. We can calculate this one point function by calculating derivatives
of (2.12), and then taking the short distance limit. Since it is fixed up to a constant, it is

enough to do the calculation just for one component. We do it for the § component,

(d+1)
of o 2n ST (3) s (ko (§ - Lk o)
<J€> =——>= 7,<(I)89(P — @8@@) = d—2 Z d
. r e T(2- 4+ k+0])

_ v — i
_ z)(_21 1)721_2‘ (2.19)

At v =1/2, we expect the internal U(1) symmetry to be enhanced to full O(2) symmetry
which includes ® — ®, under which Ju — —Ju. So we expect the correlators containing odd
powers of J,, to vanish at v = 1/2, and indeed the one-point function vanishes at v = 1/2.



Next let’s discuss the stress tensor, which is a spin two conserved current. Conformal
invariance, tracelessness and conservation fix the form of its one-point function up to a
constant [1, 17, 21]

h dap

h (d - 1)& - dnm
<T%]'>Rd = % ,,ajd Ja <Tab>]Rd = _grid, <Tai>Rd = 0. (220)

In analogy with the scaling dimensions of local operators, h is referred to as the conformal

weight of the defect [16, 17, 21]. It can be determined by doing explicit calculation of any
component of the stress tensor and we choose Tyy. The canonical stress energy tensor for a
free complex scalar in flat space is

d = 1 - (d—-2) -
T,.=—V,oV,o—-—"—¢g,,V®- VO - —— - L@ 2.21
w = ga—1) Vel T oI Ve Ve Ty PV Ve Fee (2:20)
This gives
N ((0:20,®) + (3,89,8)) 42 soa
00) — - - 0
( 4 | 4(d—1) 4(d - 1) (2.22)
r(d—2), =
_ m(@&,@) + c.c..
Using the two-point function in (2.12) and taking appropriate derivatives, we get
Ty = r (%d) (I —v)v (cscw (% - v) —cseT (% + v)) 1 (d—20(1-v) cee
d4m) T T (2= 4 —v)T (1- ¢ +v) rd=2 d =2
(2.23)
Comparing with (2.20), it is easy to see that
(d—1)h 7l (l%d) (1 —v)v (cscw(%—v)—cscw(%Jrv))
(Tho) = om a2 h=— T y y . (2.24)
d(4m) =TT (2= 4 —0)T (1- ¢ +v)

We checked numerically that this conformal weight h is always positive for d > 2. This
is consistent with the conjecture proposed in [4] which says that A > 0 in unitary defect
CFTs.* We can follow this logic and calculate the one-point function of any higher spin
current. We just do it for one more case here, namely the spin 3 symmetric current. The
current is given by (explicit expression in d = 4 can be found in, for example, [40])

= 3(d+2) = 6 -
J;LVp =67 (@V#Vl,vp(l) - ﬂV(HCDvyvp)(b + Hg(ﬂyvv(bvvvp)@) + c.c. (225)
where () in the subscript means that the indices are symmetrized. Its one-point function is
also fixed by conformal symmetry up to a number, so we only look at one of its components

with all indices equal to 6

_ 3d - _ _ _
Joge = 6i (@83@ — ﬁ%@@g@ — 209D + 3r (cbaga@ + arcbag@)
62 (2.26)
r - [
+ - (6,®0,05® + 3,89,0,®) ) +ec.
“In [4], stress tensor one-point function was written in terms of ar which is related to h by h = —2war/d,

so they conjectured that ar < 0.



We act with these derivatives on (2.12) and expand them in the bulk limit £ — 0 to get

(Joge) = 24(1 — v)v(1 — 21))721—_2. (2.27)

Displacement operator. The presence of a defect breaks the translational symmetry
perpendicular to the defect. This leads to the presence of a displacement operator in the
spectrum of the defect theory which may be defined as the divergence of stress tensor

9, T" = D'()8* (") (2.28)

where ¢ represents directions perpendicular to the defect and the delta function is localized
on the defect, at 2/ = 0. This equation fixes the scaling dimension of the displacement equal
to d — 1, and its SO(2) spin equal to 1. In the free theory, this requires the displacement
to be proportional to the operator W,¥_;,, because this is the only operator with the
required spin and conformal dimension. The proportionality constant is also fixed by (2.28).
In this subsection, we find this constant and calculate the normalization of the displacement
operator which is a piece of the defect CFT data.

It is convenient to work with complex coordinates in directions transverse to the defect
7

z = re~ " and call the two components of displacement D and D defined by

8T = 2D(§)8%(2,2), 0,1 = 2D(§)8%(2, %) (2.:29)

since 26%(z,z) = 62(x). In terms of these coordinates, the bulk defect OPE takes the form

Bz = 3 2T 2w By(|2], 8,) L), (2.30)

Using these definitions, it is easy to see that only the 9,7** term in the divergence of the
stress tensor contains a delta function

dv(l —wv - o s - ~ _
(E)\I/U\I/_Hv(y) — 9.7% 3 87v(l — v) U, U_1,,(7)6%(2, 2) (2.31)

= D(%) = 4mv(1 — )T, U _1,,(%).

T =4T5; >

We can use this to directly calculate coefficient of the displacement operator

o Cp 16m2v%(1 — v)*Ca,Ca,
D(y1)D = - o
D@)D(@) = T (72) !

AP (§-1+0)T (4 -0)
7d=20(—v)[(v — 1)

(2.32)

The displacement operator satisfies a Ward identity involving correlators of the dis-
placement with the bulk operators [1]. It implies that if the displacement appears in the
bulk-defect OPE of a bulk operator O, then the corresponding bulk-defect OPE coefficient
C§ must satisfy [1]

21
ApCP = — (”) VT oo, (2.33)
Yoo ()



where OF is the coefficient of the one-point function of O. The displacement operator does
appear in the bulk defect OPE of the operator ®®. It can be seen from the defect channel
decomposition of the two-point function of ®®, which can be obtained by Wick contraction
and contains the following term

_ _ eii=02)p (A,
(B(21) 3P (22)) > Bl (1)
41+A’U+Av—17’rdF ( % F ( 1 + 2 — 7> é_Av+Av—1

. (2.34)
e01=02)1 (% -1+ ’U) (% v
4477 (1 4 v)[(2 — v)&d—1
Comparing it to the form we expect,
_ _ _ i(6:1-62) ] r (é 14 v) r (4 _ U)
op\2,~ € S\ 2 _ 2 2
(PP (x1)PP(x2)) 2 (Cp7)“Ch gy = (Cp")*Cp = 1 T T )2 —v)
(2.35)

Using results in (2.16), (2.32) and (2.35), it is easy to check that the Ward identity (2.33)
is satisfied.

2.1 Mapping to ST x H !

As explained in the introduction, the monodromy defect may also be studied on a hyperbolic
cylinder by a Weyl transformation as in (1.2). The operators also get rescaled under this
Weyl transformation. The scalars, for instance, transform as Og1ypa—1 = 72 Oga.
In order to describe a spherical defect, one may use the hyperbolic ball coordinates on
HY1 obtained from the Poincaré coordinates by the following coordinate transformation
1 Qg+1sinhn

coshn — Qy sinhn’ Ya coshn — €y sinh 7 (2.36)
where (Q1,...,94_1) are the coordinates on a d — 2 dimensional sphere with |Q,|?> = 1 and
0 <7 < 0o. The metric in these coordinates takes the following simple form

ds%i ga = d9? + dn® + sinh® 7 dsga_. (2.37)

Note that the defect is compact and is located at the boundary of hyperbolic ball, n — oo,
which is a d — 2 dimensional sphere, S92
The complex scalar on S x H9 1 is described by the action

g ;/ddx\/g(ix) (gwau@aﬁ + (MR—#—mQ) |<I>2)

(2.38)
= ;/ddm/g(x) (g“”é?#q)@,,‘i) - <(d_42)2 - m2> \q)|2>

with the field ® obeying twisted boundary conditions along S, ®(r, 7,0 +27) = e’ ®(r, ¥, 0).
We will be interested in the conformally coupled case with m? = 0. An equivalent description
of the system can be written in terms of untwisted field ¥ defined by ®(x) = ™ (z). ¥
has the usual periodic boundary conditions ¥(r, 7,0 + 2w) = ¥(r, ¢, ). The action in terms

of ¥ can be written as

szi/ddx\/g(Ts)Q(aﬁw)W

2

_ 9\2
+ g*%9, 000 — (d42)|\11|2> (2.39)
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where «, 3 are the coordinates on H% !, This shows that having a monodromy defect is
equivalent to having a constant background gauge field in the 6 direction. Taking derivatives
with v is equivalent to inserting the # component of the U(1) current

SO 1 [t Jota) (200 — 90y)) = 5 [ e fo(e) ) (2.40)

where Z is the partition function in presence of the defect.

We then perform a Kaluza-Klein (KK) reduction on S to get a tower of massive scalar
fields on H4~!. The bulk field can be expanded into KK modes as ®(r, 7,60) = 3. "0 (r, 7))
where s € Z + v and modes ®,(r, i) have mass s> — (d — 2)2/4. Since the defect is located
on the boundary of H%!, we can use the standard AdS/CFT dictionary to calculate the
dimensions of the defect operators of spin s induced by ®

d
Ag(Ag —d+2) =5 —(d—2)*/4 = Ag=5 -1l (2.41)

As before, we leave the discussion of — sign until the next section. The two-point function
on S' x H4! can then be written as a sum over KK modes with the two-point function of
each KK mode being just the usual bulk-bulk propagator on H¢!. This gives

. - 2ei8912
(®(if1,71,01)@(2, 72, 02)) = Gggp(w1,m2) = Y 5 G,
s€Z+v

2T (A,) €12 0Py (A, Ay + 35428, +3 — d; — L)
AT2T (A + 2 — $)(46)As '

-y
s€Z+v
(2.42)

This is related by a Weyl transformation to the two-point function in flat space (2.12).

A quantity of interest is the free energy on the hyperbolic space, since this is related to
the expectation value of the spherical monodromy defect. In the free theory, it is given by
the following determinant

_9\2
Fiwisted () = trlog (—V2 +m? — (d42)> : (2.43)

The eigenfunctions of the Laplacian on S x H! may be written as ® a1 (3%, 7)e’? with
® ;;a-1 being the eigenfunction on the d — 1 dimensional hyperbolic space. The corresponding
eigenvalues are A + (d — 2)2/4 + s? with a degeneracy given by [41, 42]

(Vol(F141)) P(ivA + 252

D(A)dA = . (2.44)
(4m) 2 T(45Y) |1“(Z\f)|2 VA
Using this, we can compute the twisted free energy on the hyperbolic space as
Ftwisted(ﬁ) = / d)\D()\) Z log ()\ + m2 + 82)
0 SEZA+v
(2.45)

Vol(H*™Y) o [D(iv + G2 2>, 2
_4dlrd1/ VWZlog(y +s +m).
(4m) 2 D(57) /o0 s€Z+v

- 11 -



This can be used to calculate the expectation value of the defect, and it is natural to
normalize it by the partition function of the untwisted theory. In the conformally coupled
case, it gives

- 10g<D> - Ftwistod - Funtwistod
Vol (H4—1 o~ I
_ 0( d) / dz/‘ (iv + 45 22 Z Z log(u —I—n)
(4m) T (45 S [T()) neTre  nen
Vol(H?-) I D(iv + 452)]2

RN S S v o) 1Csc 2(7v) (cosh(27mv) — cos(2mv
(4m) T T(%51) S I (iv)|? 1g<2 h™(v) (cosh(2m) (2 )))-

(2.46)
To derive the above formula, we had to use the sum [18]

Z log ((k +a)? + a2) = log (2 cosh(2ma) — 2 cos(2mar)) . (2.47)
keZ
When d is even, the analytic form is easy to obtain by doing the integral over v first in the
second line of (2.46) and regularizing the sum by a Zeta function regularization

o~ (5 %)

Vol(H41) oodyr(iwr%)y? 1
(d;)/

14 ;
neZ+v neEZ )d - |F(ZV)‘2 (V2+n2)a a—0
(2.48)
It gives
1
—log(D)4—o = Vol(H") <C( Lv)+¢(-1,1—v)+ 6> = v(1 — v)Vol(H)
—60¢ (=3,v) —60C (3,1 —v)+1\ %1 —v)?
—1log(D)4—4 = Vol(H?) ( 3607T( ) ) = (1% ) Vol (H?)
C(=5,v)+¢(=5,1—v) ((=3,v)+((=3,1—v) 1 )
—1log(D)y—¢ = Vol(H?) —
0g(D)a=6 = Vol( ( 6072 3672 168072
—0)2(=3 —v(1l —v)) 5
— , 2.49

Note that the factors of the hyperbolic space volume here are logarithmically divergent [20,
43], see eq. (2.51). The quantity D defined in (1.4) is however finite and it is proportional to
the quantities multiplying the volume factors above. Indeed using the above result (2.46),
D can be seen to be a smooth and finite function of d. We plot it for 2 < d < 6 and in the
special case of Zy monodromy, v = 1/2, in figure 1. For future reference, let us also list some
explicit values of D in various d for v = 1/2 which can be directly obtained using (2.46)

~ log2  7¢(3) ~ T
D‘d=3 = 4 - S 2 D|d=4 = @7
log 2 557(3) 31¢(5) 13 (2:50)
. < T
Dlass = 4 - B Dla=¢ =

- 64 19272 12874’ 23040
To do the above calculation and obtain the plot, we had to use the regularized volume of
the hyperbolic space [20, 43]

Vol(H* ') = 78T (1 - ;l) . (2.51)
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Figure 1. A plot of D for a single free complex scalar between dimensions 2 < d < 6 when v = 1/2.

For odd values of d and generic v, it is more convenient to use the sphere geometry to
obtain analytic results, as we show in (2.67) for d = 3. Using the round sphere setup below,
we will also obtain an expression for log(D) valid in continuous d.

2.1.1 Omne-point functions

One-point functions of bulk operators can also be readily obtained in the hyperbolic space.
For the scalar ®®, it is a constant given by

5 1 O0Fwisted ()
C<1>q> _ twiste 2 52
L7 aVol(HEY)  am? | L, (2.52)
The mass derivative of the free energy can be calculated as follows
Dasal0) _ § V(Y g W+ 252 1
Om? ko (4m) T T (451) oo T2 \v2+ (k+v)° +m?
_ _ d _ /m?2 2
VOI(Hd I)F (32761) ) F<2 1+41/m +(k‘+’l)) >
= d—1 Z 5
(4m) "2 k—ooF(Q—g—i-\/mQ—l—(k‘—i-’U))
_ Vol(H4—hHr (35—61) Z T (A,)
(4m) ~T(3—d+A,) (2.53)

To perform the integral, we had to close the contour in the v plane and sum over residues [29].
The arc at infinity can only be dropped for d < 3, but the final result can be analytically
continued in dimensional regularization. One of the Gamma function introduces poles at
v =1i(d/2 — 1+ 2k) for integer x, which all lie in the upper half plane for d > 2 and need to
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be summed to get the final result. For m — 0, we get

OFwisea()| _ VOUHIE (351) &= T(f— 14 [k +0])
om? e (4m) 5 oo T (2= 4+ [k +0])
d—1 d _ d .
_ (d —1)Vol(H )S (12 v) r (2 1+ v) sin (vr) (2.54)
(4m) 2z (2—-d)T

N (d—l)I‘(g—v)F(f—l—i—v)sm uTr) <%)
b T H(d)(2 - d ’

This of course agrees with the flat space result (2.16). As we mentioned there, this function
is non-analytic at v = 0 and v = 1 i.e. when the defect is trivial. This in particular means
that the derivative with respect to v is not defined at these values of v. However, as we
explained above in (2.40), taking derivatives with respect to v is equivalent to adding
integrated insertions of the spin one current. So the derivative of Cii’ ® with respect to v is
proportional to the following integral

0,02 / Ay (T (1) DD (2)). (2.55)

For integer v this is a two-point function of two different operators in a free theory, so
it should just be set to 0. In practice, this can be done by defining the derivative to be
the average of the left and right derivatives at v = 0, which when we restrict the range
of v to [0,1] is the same as taking the average of derivatives at v = 0 and v = 1. This
non-analyticity should also manifest itself in the divergence of the second derivative with
respect to v, and by the same logic

D20P® / Al do (T (1) Ty (21) BB (). (2.56)

Based on this, we expect this integral of the three-point function to diverge in the free
theory without a defect.

For the spin one U(1) current, using its general form in (2.18), it is easy to see that
the one-point function of its # component is a constant on hyperbolic cylinder. It may be
calculated as in (2.40), by taking the derivative of free energy with v

(d+1)

o 1 aFtWisted(Q” o = / “/+ 2 )‘2 k—i—?}
(o) = 7 Vol (Hd—1) v N Z dT dy T (iv)|? 24 (k4v)?

—d\ & (ko) (4—1+]k+
_ g2—d <32d) 3 v) (’Z | ”')
k=—o00 F( 2+|k5+v|)

_ (d_?(_zf_l)qi@’ (2.57)

which again agrees with the flat space result in (2.19).
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Similarly, for the stress tensor, the general form (2.20) tells us that Ty should have a
constant one-point function on the hyperbolic cylinder. There is a simpler way to calculate
it on the hyperbolic cylinder [17, 44]. We start by keeping the length of S! to be a variable
B instead of fixing it to 27w. This is equivalent to rescaling the metric component ggg by
(8/2m)2. So if we compute the free energy for arbitrary 3 and then take a derivative with
respect to [, this is the same as inserting Tyg in the path integral

2 45 1 8FtWisted(197 /8) ’
T v = —— — T ] = — . 2.58
1% \/géguy < 99>51><Hd 1 VOl(Hd_l) 85 B ( )
In practice, we can calculate the free energy for a general § by rescaling n by 27/
Vol IT(iv + 4
Fivised (9, ) = / WD IR - (259)
1ste ( |F Z]j |2 ne;_v B
We can use this to calculate the stress-tensor one-point function
= 1 © D@+ )P (k+v)?
(Too) g ot = _ / Pl
A kzz_oo m(4m) T (4 ) Joee L) w2+ (k+v)?
P(339) & T(§-1+k+v])(k+v)
- T D (2.60)
T4m) T (e T(2- 44|k +0])

r (3%”[) (1 —v)v (cscw (% —v) —csem (% —H}))
d4m) =TT (2= 4 —0)T (1- ¢ +v)

which is consistent with what we got above by a direct calculation in flat space in (2.23).
This hyperbolic space technique will be useful below, when we try to calculate the conformal
weight in the interacting theory.

2.2 Twisted free energy on S¢

Another useful way to study a codimension two defect is to map the problem to a d-
dimensional sphere S¢ which is related by a Weyl transformation to flat space. Indeed
starting from the hyperbolic cylinder described by (2.37), we perform a coordinate transfor-
mation sinhn = tan 7 to get

1
———dsga. (2.61)

ds2y a1 = ———(cos® 7dA? + dr? + sin® 7dsg_) =
SUxH COSzT( sa-2) cos? T

The sphere is spanned by 0 < § < 27, 0 < 7 < 7/2 and the usual S92 coordinates.
The defect is located at 7 = 7/2, and the monodromy action along # is the same as
in the hyperbolic cylinder, ®(r,0 + 27) = e’®(7,0), where we suppressed the S7~2
coordinates. These coordinates are related to the usual S% coordinates by the transformation
sin 7 = sin 01 sin A, cos T sin @ = cos @1 which gives us the usual S4 metric

ds%d = df? + sin” 0, (df3 + sin® 92(18%@_2) (2.62)

where 0 < 019 < 7.
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The twisted free energy of a complex scalar on d— dimensional unit sphere is

d(d—2
Fiwisted (¥) = trlog (—V2 + ()>

1 (2.63)

where the trace is taken over the eigenfunctions obeying twisted boundary condition. We
calculate their eigenvalues and degeneracy in appendix A. Using the result in (A.6), the
twisted free energy in d = 3 is given by

Fowisted (9) = ( DY )dn log <n(n+d— 1)+d(d4—2)>

n=k+v n=k+1—v

:i(k+1)(k+2)log<(k‘+v)(kz+v~l—2)+i)+v—>1—v (2.64)

k=0 2

> 1 1
:Zk2 [log<k+v> <k‘v+)].

Pt 2 2

The sum can be regulated using zeta-function regularization

_ o d B R
Fiwisted (V) = ds |:k:1 (k:—i—v— %>3 +kz::1 (k—v+ %)s

= (—2,1}#—;)—%2(1}—;)6 (—1,v+;> - (v—;)QC’ (O,v—i-;) +v—=1—w.

(2.65)

Using identities for derivatives of Hurwitz zeta function (see for e.g. [18]), we may write the

result as
s , [cosnd  (9—m)sinnd (9 —7)? cosnd
Fovistea (V) = 7;(—1) (27r2n3 on2  n2  4nw2 n
(7~ 1) log (2cos/2) — i(m ) (Lia (—e~") — Liy (—¢i?) ) + Lig (—e~¥) + Lig (—¢")
- 472

(2.66)

where Lig(z) is the Polylog. This gives us the expectation value of the defect in 3 dimensions

(m — 9)?log (2c0s 9/2) — i(m — ) (Liz (—e~") — Liz (—¢"))

—log(D)4=3 =
B (2.67)
QU (o) L (oe7) g2 3¢m)
472 4 872

where we used the result for the untwisted free energy of a complex scalar in three dimensions
from [38]. It can be numerically checked to agree with the result obtained from hyperbolic
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space calculation in (2.46). For general d, we get

=2

© D(k+d) d(d—2)
Fiwistea () = _— k+v)(k+v+d—1)+ +(v—=>1-v)
) =3 gy o5 (¢ )+ S ) o
:OO—( ) lo k—l—v—i—g k—i—v—i—g—l +wv—=1-v
2 T 1 1T(d) a(krorg) (krosg-1)+@o1-0
s k:+d) I'(k+v+d—9)
)T (d)

d
1- s=2_1
5% Thrors T 2

(2.68)

where we introduced 6. To do the sum, it is more convenient to treat § as a new variable,
and perform the sum after taking a derivative with respect to ¢ [38, 43]

8AF‘cwis‘ced(Q% 5) S F(k + d)
N = -~ _ 1 _
55 Igr(kJrl)F(d)(w(kJerrd H+y(k+v+d)+ (v—1-0)
B I'(v+d—9) I'(v+90) )
= I d)< Tw—0 ' Twio-a) @179 (2.69)
which implies that
d/2-1 I'(v+d—9) I'(v+9)
Fuvisea(?) =T(=d) [ L, (~+ e e R )
1 F(v—l—g—i—w) F(v+§—w> (2.70)
:—F(—d)/ dw two1-v)].
0 F(vf%l+w> F(vf%fw)
We can use this to calculate the defect expectation value
- log<D> = Fiwisted — Funtwisted
1 I'(v+ 94w IM'fv+4—w
—/ dw[F(—d) ( z >+ ( Z )+(U—>1—’U)
0 F(v—§+w> F(v—§—w) (2.71)

NN

DD e (40} (2 )

In d = 3, it agrees with the result in (2.67). It can also be checked numerically, to agree

with the result obtained on hyperbolic cylinder in (2.46).

Similar to what we did on the hyperbolic cylinder, we can also calculate the one-point
function of ®® on the sphere by introducing a mass term and calculating the derivative of
the free energy with mass

a~l:1‘cwistlad(79) . > F(k+ d) 1

= .
om? kz:;)F(k?—i-l)F(d) (k+v+5121)2+m2_1+(v_> v)
(e T (s ()
QF(d)sin(%d) %—m2
(2.72)



The Weyl factor involved in going from hyperbolic cylinder to 5% is cos T, so the one-point
function on S? is CF®/(cos 7)4~2. Hence,

% oy CfrVol(s?) /Oﬂ/2 dr(sin7)* ?(cos )~
F(%+1_U)F(d —1+v>sin(m;)1“(%)
T5H0(d)(2 - d)
(d—1)r (7 *U) (* - 1+v>sin(7rv)1‘(%)
7210 (d)(2 — d)

— OP* = +(—=1-v) (2.73)

in agreement with the flat space (2.16) and hyperbolic space results (2.54).

3 Alternate boundary condition on H% ! and a defect RG flow

As we discussed in the previous section in (2.7) and (2.41), dimensions of the defect operators
are related to their spin by the relation

Ay(Ag —d+2) =5~ (d—2)*/4 = A;‘E:g—lim. (3.1)

So far, we considered the + sign above for all values of s € Z + v. But the — sign may
also be consistent with the defect unitarity bound (2.8) as long as |s| < 1 which happens
when s = v or —1 + ©.%°5 In the free theory, the two cases are allowed by unitarity in the
following range of v

d d
allowed : v < 3~ 1, AZ,,, allowed:v >2— 3 (3.2)

Note that there is some range of dimensions between 3 and 4 where both s = v and —1 4+ v

A

v

modes are allowed to have a A~ boundary condition. In d = 3, s = v mode is allowed
to have a A~ boundary condition only for v < 1/2, while s = —1 4+ v mode is allowed to
have a A~ boundary condition only for v > 1/2. In the hyperbolic space setup, we can
think of the two possible values of A as the two possible boundary conditions for the bulk
massive scalar after we have performed KK reduction on S'. In the defect theory, it defines
a defect RG flow where we start with a A, operator in the UV and flow with a relevant
deformation ¥, ¥, to the IR where the original operator is replaced by an operator with
dimension A;. This is similar to the study of double-trace flows in AdS/CFT [45]. We can
define a similar flow with W_;,,¥_;., operator under which the dimension of s = —1 + v
operator changes from A~ to AT 4+ Both of these flows preserve the reality of the
action and the U(1) ~ SO(2) internal symmetry of the original action. As we mentioned
in the previous section, at v = 1/2, the theory has an enhanced O(2) symmetry, and to
preserve the full O(2) symmetry, we have to add a sum of these two deformations. We

5In most of this paper, we use + boundary condition for all the modes, so we avoid using the superscript
+. We use superscript — whenever we impose a — boundary condition.

5The idea that imposing alternate boundary condition for low lying Kaluza-Klein modes leads to
non-trivial defects was also discussed in [10, 11].
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now study how some of the defect CFT observables change under such a flow. We only
do the calculation for the ¥, ¥, flow so only s = v operator has a A~ boundary condition.
The generalization to the case when either just s = —14+wv or both s =vand s=—-1+wv
operators have a A~ boundary condition is straightforward. Another interesting scenario
is when the defect spectrum contains both A" and A~ operators for the same s. This
defines a more non-trivial defect CFT with extra interactions localized on the defect. Some
remarks on this possibility were made in [10]. We will not study this scenario here.

First, let us calculate how the defect expectation value (2.46) changes under this flow.
The change is equal to the change in twisted free energy. As we said above, this defect RG
flow is analogous to a double trace flow in the d — 2 dimensional defect CF'T driven by the
square of a primary operator. The general result for the change in free energy under such a
flow is known [38, 43|

2 Atl-g d d
Fj o A—FAn=-— ) / du usin rul’ (—1—|—u>F<—l—u>
sin (T452) (d - 1) Jo 2 2

(3.3)
where the operator driving the flow has dimension A in the UV and d — 2 — A in the IR.
In our case, we consider the flow by operator ¥, W, so the change in the defect expectation
value is given by

2 v
log(D)~ — log(D)* = - (7r(d—2)) rao ) /0 du wsin Tul’ (g -1+ u) r <;l -1- u) .
Sin I — —

(3.4)
Here and elsewhere the superscript — corresponds to the case when s = v operator has a

A~ boundary condition while all the other operators have a A™ boundary condition. As
we mentioned in the introduction, the quantity D defined in (1.4) should decrease under a
defect RG flow. So we expect that

- - 2 v d d
D__DJr:F(d—l)/o duusinﬂuf(2—1+u)F<2—1—u) (3.5)

should always be positive. It can be checked numerically for various values of v and d that
this is always positive whenever the flow is allowed by the unitarity (3.2). But this is not
true when the flow is non-unitary, so for instance, in d = 3, (3.5) is not positive for v > 1/2.

The bulk two-point function also changes under the defect RG flow. We have the defect
channel conformal block decomposition in (2.42). The change only comes from s = v piece
and is given by

- + _
G<I>q> - th(b -

K% K%

Amd/? 48T (Ay +2 - §)E8
eiv(01—02)9l—dp (3 _ %) (csc (%W(d + 21))) — csc (%W(d — 21))))
T (—4—v+2)T (-4 +v+2)

Jol6r— (2r (80) oF (87,47 + 2555207 +3-di—) A+)

(14 0(9)) (3.6)
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where we expanded the result in small £&. The constant £ independent piece tells us the
change in the one-point function coefficient of ®®

(C{i’(b)* - (Cii@)Jr _ r (% — %) (csc (%F(d + 21))) — csc (%F(d - 21})))

27T (g —v+2)T (—§ +v+2) -
. F(d v 1)r(d4) &7
P 22T (@ or () T (1 - v)

where we used the result from (2.16).

Using the change in the bulk two-point function, it is possible to also calculate the bulk
one-point function of other operators. Let’s just mention the result for the stress tensor. Its
one-point function is specified by the conformal weight (2.20) and the change in conformal
weight under the flow is as follows:

V2T (% - %l) (csc (%7’[’((1 + 2v)) — cse (%ﬂ'(d - 2v)>>
217 T (—4 —v+2) T (—4 +v +2)

v(v+ 1) (% — %) (CSC (%w(d — 2v)) — csc <7r <% + v)))
9d—175% T (—g—v+1)r(—g+v+2) '

h™—ht =—
(3.8)
h™ = —

As long as the flow is unitary, the conformal weight A~ can be checked to be positive,
consistent with the conjecture made in [4].

Finally, let’s discuss the displacement operator in the theory with A, boundary
condition. Based on the fact that it must have dimension d — 2 and spin 1, it must be now
proportional to W, ¥ ,. To more directly calculate it similar to what we did in for the A
case in section 2, note that the bulk defect OPE contains

D327V, + 2T, (3.9)

Then, using the definition of stress -tensor in the free theory, it is easy to see that

4o(1 - _
7 =t 5 UG g ) — 0.7 = —8mo(l + 0) B ()6%(= 2) (3.10)
= D(9) = —4mv(1 + 0) ¥, U1, (7).
This definition gives the following two-point function coeflicient
w1+ (E—1—-0)T (44w
5= ( )T (s ) (3.11)

b 721 (1 — )T (v)
We can also check that these coefficients satisfy the ward identity (2.33) by noting that the
displacement contribution to the two-point function of ®® now takes the form
_ _ i(01=02) (AT (A
(BD(21) DD (2)) 5 —— ‘ ( 3 (B140) y :
A+ +HAordD (Ay +2 - )T (Ary +2 - §) et

(3.12)
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This gives a relation between bulk defect OPE coefficient for ®® with displacement and
the displacement two-point function coefficient

d 1\ T(d 20
(C5")*Ch = Fz&dré - u))rr(gi)) ) : (3.13)

The coefficients (3.7), (3.11) and (3.13) satisfy the Ward identity (2.33).

4 Monodromy defect at large IN

In this section, we study the monodromy defect in the interacting O(2N) model (it will

soon be clear why we choose 2N instead of N here) at large N. The S' x H%! setup

provides a convenient way to study the problem. The action may be written as”

S = /ddx\/g(a:) (gwa“fa”w WU _82)2¢A¢A + i(¢A¢A)2> (4.1)

where A now goes from 1 to 2N. We again consider monodromy defect defined as in (2.1).

We want to do a large N analysis, and to accomplish that, we want to preserve a large
symmetry group. The simplest such case is when we fix the matrix GA% in (2.2) to consist
of N identical 2 x 2 blocks, so that all ¥; = 1. This is the only case we consider in this
paper. Then, as before, it is convenient to package these 2N real scalars into N complex
scalars as ® = ¢?/~1 + i¢?! where I goes from 1 to N and all N complex scalars have
the same monodromy as in (2.3). The original theory has O(2N) symmetry, and the defect
breaks it down to U(N). However for ¢ = 0 and 7 which correspond to a trivial defect and
Zs monodromy defect respectively, the symmetry is enhanced and the defect preserves full
O(2N) symmetry. The action in terms of complex variables is

o, 810,87 (d—12)?- P
S:/ddx\/g(a;) (9 “21 _ ! < ) c1>1<1>1+4(<1>,c1>1)2>. (4.2)

At large N, we can use the well-known Hubbard-Stratonovich transformation to write this

in terms of auxiliary field o(z)

o, &0, 0! —2)2_ 1 -
S:/ddm/g(x) <g 8“218 _ 2 ) <I>1<I>I+20<I>[<I>I>. (4.3)

We dropped a 02/4)\ term above, which can be consistently done in the critical limit (see
for example [46], for a review). We can then integrate out the fields ® since the action is
quadratic in ®7 to get

Z = exp|—Fiwisted] = /[da] exp [—Ntr log <—V2 +o0— (d;2)2>] (4.4)

At large N, we can use a saddle point approximation to do the integral over o and look for
a saddle with a constant value for the field o(x). This constant is the one-point function of

"We assume that the mass terms have been tuned away so that the bulk is always critical.
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o(x) which is a constant on the hyperbolic cylinder.® So at leading order at large N, the
field o(x) only contributes through its one-point function, and acts as a mass term for ®/.
Similar to the case of free theory (2.45), the free energy in the interacting theory at leading
order at large N may then be written as

- . d—2v|2

Fiwisted (V) = M /oo duw Z log (1/2 +n?+ 0) . (4.5)
4m) () S TP G,

The value of ¢ at the large N fixed point, o* can be obtained by solving the saddle point

equation which says that the following derivative should vanish

OFhwistea(V) _NVol(Hd_U/“ PG G S S
9o o=o+  (4m) 77 T(45L) /-0 T(iv)[? Tty v2+n?+o*
NVol(HA-1)r (254) S r < 1o+ (k+ v)2>

= d—1
4 er(2-4+ m)

~ NVol(Hh)r (3?) T (A,)
N (4m) T 2 @B —d+A)

s€EZ+v

(4.6)

where the integral over v is similar to the one in (2.53) and can be performed with similar
techniques. In the last line, we used the usual AdS/CFT dictionary to write the expression
in terms of the dimensions of defect operators
2 * (d — 2)2 + d

Ag(As—d+2)=s"+0 —T:>AS:§—1:I:\/J*—|—52. (4.7)
Note that we used A solution to write the above expression of 9F/dc in (4.6). This
is because the spectral representation of the free energy is only valid for Ay > d/2 — 1.
However, written in terms of Ag, the expression in (4.6) can be analytically continued
and also used for the case when we impose A~ boundary condition on one or more of the
operators. We also want the dimensions of all the defect operators to be real which requires

o* > max (—vz, —(1— v)2) . (4.8)
Another equivalent way to derive this large IV saddle point equation is to look at the
two-point function of ® in the bulk OPE limit. As we discussed above (2.42), the two-point
function on the hyperbolic cylinder is given by the sum over bulk-bulk propagators
T (A) €025 Fy (Ay, A+ 35928, +3 - d; — 1)
2142 (Ag + 2 — 5)(45) s

(@ (z1)@y(x2)) = > &y (4.9)

s€Z+v
and here Ay is given by (4.7). In the bulk OPE limit, the two point function behaves as
d=3 3—d
6ty (5 L (=7%) T (A)
=— >, <d_3)(1+0(§))+()(1+0(5))

(@ (1)@ (2)) 4= S | €S L' (3—d+Ay)

(4.10)

8In the flat space, this one-point function is (o(z)) = % with ¢ being the constant one-point function
on the hyperbolic cylinder.
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The constant £ independent piece in the second term represents the presence of operator
®!®; of dimension d — 2 in the bulk OPE. Recall that in the large N critical U(N) model,
this operator is replaced by the operator ¢ of dimension 2. This should still be true in the
presence of the defect, and demanding that this term vanishes is equivalent to the saddle
point equation written in (4.6).

When we impose AT boundary condition on all the operators, o* can be determined
by solving the following equation from (4.6)

Vol () & T3t )
e CE P D

It is hard to perform this sum analytically as a function of d. To proceed, we separate out

= 0. (4.11)

the sum into a divergent piece at large k and a finite piece. The divergent piece of the sum
can be performed by dimensional regularization and analytically continued in d. For the
finite piece, it is harder to perform the sum as a function of d. However in d = 4 — €, we
can first do a series expansion in €,” and then the sum can be performed up to first two
orders in e. This procedure gives the following saddle equation

T v —1) = T 24 (0) + P —v) + 5 [+ o = D=1+ $(v) + (L~ )] =0
(4.12)
where v is the polygamma function. This equation can be solved to give
3 —1 1
cf=v(v—-1)e+ Mez + O(€%). (4.13)

2

Notice that the order €2 term does not vanish at v = 0 and 1. But the defect becomes trivial
at v = 0 and 1, so all one-point functions, including the one-point function of ¢ should
vanish at these values of v. This problem arises because we are doing an expansion in € so
we assumed that v > €, and we expect this problem to be resolved by higher order terms
in €. Indeed when we calculate ¢* numerically in d = 3.9 below in figure 2, we will see that
it vanishes at v = 0 and 1. One possibility is that the higher order terms in € are singular
at v = 0 and 1. For example, consider the € expansion of the following simple function
vt G ST (4.14)
— = - =+ — €). .
VU + € 2 2v
The function vanishes at v = 0 for any fixed ¢, but when we expand at small €, the limit
v — 0 becomes problematic. This is similar to what we see here.
Plugging this o* into (4.7), we get the dimension of defect operators at large N and
leading orders in €
(v—1) Bv(w—1)+14 v*(v—1)2

€ v
At =1--
s AT R T B[P

e +0(e) (4.15)

9Since o* = 0 for € = 0, we assume that ¢* is of order e and then the solution to the saddle point equation
justifies this assumption.
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where we assumed s?> > o* to do the expansion in e. This is consistent with what we find
in the € expansion in (5.15). We can also calculate the twisted free energy at the large N
fixed point

Ftwisted = Ftwisted

+ /U* do a‘F‘cwisted
=0 0 do

_{_‘NVOI(I_IS)/J do (_G+U(U—1)> (4.16)
4 0 €
NVol(H*)v? (v — 1)26
8w
where we used the fact that Fiyisteq(o0 = 0) is the same as twisted free energy in the free

= Ftwisted

o=0

_ free
= NF twisted +

theory. This is also consistent with the e expansion result we obtain below in (5.3). The
comparison of the large N and the epsilon expansion calculations of free energy and defect
dimensions only involves the O(¢) piece in o*. In order to check € piece, we look at the
bulk OPE coefficient times the one-point function coefficient C(i);q)"a*. Since the operator o
replaces ®® in the large N theory, this should match C@;q)q)q)Cii ® calculated in e expansion.
From the large N results, the bulk OPE coefficient for the O(2N) model is [47],

[ I(d—2)
Cow” = \/NCU r(3—Hr3d -1 Co (4.17)

where Cg and C, are the normalization of the bulk two-point functions, and in our

conventions, they are given by (see for e.g [46])

< T d _
2017 (451 sin(%) r(s-1)
3 , Cp=—2 2 (4.18)
NraT(4 - 2) 2md/?

Combining it with the result for o* in (4.13), this gives the following result
(v—1)v n (v—1v(y+3+logm)+1
€
42 82

which is consistent with the e expansion result in (5.28).

Cy.70" = + O(€%) (4.19)

Away from d = 4, the finite piece of the sum in (4.11) can be performed numerically, for
a given d,c* and v. We start with d = 3.9, so that we can compare it with the prediction
in d =4 — e. We evaluate the sum for a range of values of ¢ and v, and then find the root
of the equation on the real ¢ axis for different values of v. We then interpolate in v and
plot the value of ¢* in figure 2. We also compare the result with the result in d =4 — ¢
in (4.13) at e = 0.1.

A similar method also works in d = 3 to solve the saddle point equation in (4.11)
numerically. We plot the solution in figure 3. We can get some analytic control if we also
take v to be small. Since we know that ¢* = 0 when v = 0, we can expand (4.11) for small
v and ¢* and in d = 3, we find the following saddle point equation and the solution to
leading order in v

2 *) =
—(v+20—)2+v2+a*log2—
— 0" = —v? +4(1 —log2)%™.

(U2+U*)%7T2 0
6 N (4.20)
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Figure 2. Saddle point value of ¢* in d = 3.9 critical theory with A™ boundary condition at
leading order in large N. Dashed line represents smooth interpolation of the numerical result. For
comparison, we also plot the analytic result in d =4 — € at ¢ = 0.1.
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Figure 3. Saddle point value of ¢* and the dimensions of defect operators in three dimensional
critical theory at large V. The solid lines are smooth interpolation of the numerical results. Note
that the defect is one-dimensional, therefore the unitarity bound just requires the defect dimensions
to be positive.

Once we know ¢*, we can calculate the dimensions of defect operators using (4.7).
We also plot the dimensions of three low-lying defect operators in figure 3. For v = 1/2,
corresponding to Zs monodromy on all scalars, we get

oo =—0.168, Ay =078, Ay =1.943 (4.21)

to leading order at large N. We are doing a large N analysis, but it is interesting to compare
the result with the Monte Carlo results for monodromy defect in d = 3 Ising model in [12].
They found A/ = 0.918 and Az, = 1.99.

Using o*, we can also calculate the expectation value of the defect with spherical
geometry. It is defined in the same way as the free theory (2.46), as the negative of the
difference between the twisted and the untwisted free energy. However, recall that in
the untwisted theory, the one-point functions vanish, so ¢* = 0. This implies that the
corrections due to the interactions for the untwisted free energy start at order 1/N. So
at leading order, we can just use the untwisted free energy of the free theory and the
interacting corrections to the defect expectation value are due to the corrections in the
twisted free energy

OF, twisted

g (4.22)

—log(D) = —N log(D)ree +/0 do
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Figure 4. Defect expectation value in d = 3 critical theory at leading order in large N. Solid line
interpolates the numerical results.
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Figure 5. A plot of D in the large N critical theory between 3 < d < 4. Solid and dashed lines
interpolate numerical results.

The first term above is the free theory result we have from (2.46). We can numerically
integrate (4.6) using the numerical results for 0* to evaluate the second term. We plot the
result in figure 4 for the case of d = 3, corresponding to a circular defect. We used the
standard regularized volume of H?, Vol(H?) = —27, that can be obtained (2.51). We also
plot the quantity D defined in (1.4) as a function of d between 3 < d < 4 for several values
of v in figure 5. It shows that this quantity is a smooth function of d in this range.

4.1 Alternate boundary condition on H%1

Recall from section 3 that there is another defect fixed point in the free theory which arises
when we impose A~ boundary condition for s = v mode. One can flow between the two
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fixed points by turning on the defect operator ¥, ¥, which is relevant at A7 fixed point.
In this subsection, we study this fixed point in the large N theory. With the A~ boundary
condition, we get the following saddle point equation from (4.6)

Vol(H1)T (334) |7 (4 1 - Vom +27) N r <‘§ — 1+ /o + (k+ U)2)

d—1
(47) = F(2—%—VU*+”2) k¢0F<2—g+ J*+(k+v)2)

(4.23)
Note that since we are working in 3 < d < 4 the defect unitarity bound (2.8) requires

2
A7 >0 = 0" < <;l — 1) — 2 (4.24)

So we have to look for a solution to the saddle point equation (4.23) satisfying both (4.8)
and (4.24).
In d = 4 — € the saddle point equation in (4.23) can be solved perturbatively in € similar
to what we did in the AT case. The equation and the solution is
* €
5

% — o+ 1)+ 5 [+ o= 0) + (0 + D)) + (1))

-z (24 2+ 0) + 91 -v)) =0 (4.25)
= o" :v(v+1)e+W62+O(e3).

As in the A* case, the order €? term does not vanish at v = 0 and 1. However, in this case,
as we show numerically in figure 6, ¢* is nonzero at v = 0 also in d = 3.9. This shows that
already for v = 0, we have a defect which is defined by changing the boundary condition of
s = 0 mode, such that it has dimensions Ag = d/2 — 1 — v/o*. To understand this defect in
a perturbation in € in d = 4 — € using action (4.2), notice that the operator ¥, ¥, becomes
marginal for v = 0. So we have to add a defect localized term g¥o¥( to the action and look
for a fixed point in the g, A plane. We do not do this calculation here, but our numerical
results in the large IV theory indicate that there should be such a fixed point. A similar
calculation was done in [48] where this model was considered without any monodromy, but
with the length of S* being different from 2.
Using o*, we can calculate the dimensions of the defect operators at large N

Ar=1-Eq s+ 20t L o), s
2 23| (4.26)
Agzl—;—v—(v_gl)e—i—O(eQ).

These results are consistent with the results in (5.17) and (5.19) found using e expansion.
Note that the notation is such that — sign in the superscript above means that we are
working in a theory where s = v mode has A~ boundary condition, but all the other modes
still have AT boundary condition. As in A case in (4.19), to check the order €2 term in
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Figure 6. Saddle point value of ¢* in d = 3.9 critical theory with A~ boundary condition and for
comparison, the analytic result in d =4 — e at ¢ = 0.1.

o*, we look at the product of bulk OPE coefficient and the one-point function

V. WD) vt +3+logm+l
Cs.070" = = + o2 e+ O0(e%), (4.27)

which is also consistent with the e expansion result (5.33).

Far from d = 4, we have to perform the sum numerically as we did before. In d = 3.9, it
is possible to numerically find a saddle point subject to constraints (4.8) and (4.24) between
0 < v < 0.71. We plot the result in figure 6. The match with the analytic exression in
d =4 — ¢ is not as good as A* boundary condition, but this may just indicate that O(e®)
terms are important.

Using the value of ¢*, we can also calculate the expectation value of the defect (4.22).
A quantity of interest is the difference in the logarithm of defect expectation value between
the A~ and A" boundary condition. It should be positive according to the conjectured
defect F-theorem (1.4) between 3 < d < 4.1 We plot it in figure 7 in d = 3.9 dimensions.
It is indeed positive for whole range of v where the A~ saddle exists.

As we go down to d = 3, there is no solution to the saddle point equation (4.23)
consistent with the constraints (4.8) and (4.24). So an interacting unitary fixed point in
three dimensions does not exist for A~ boundary condition.

4.2 Conformal weight

We can also calculate the conformal weight of the defect in the interacting theory. It is
related to Tpy (2.24), which in the hyperbolic cylinder approach is given by (2.58). So we
need to know the dependence of the twisted free energy on . Similar to the case of free
theory, when we change the length of S to 3, the expression for the free energy changes to

L e o (=)
Ftw1sted(197/8) (471’) 5 F(d 1)/ d |F 7’V)|2 nE%—ful © /6 |

(4.28)

9The sine factor in front in the definition of D in (1.4) is positive between 3 < d < 4, so the difference of
D and log(D) should both be positive.
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Figure 7. The difference in the defect expectation value between the theories with A~ and AT
boundary condition in d = 3.9. Note that for A~ boundary condition, as discussed below (4.25),
there is a nontrivial defect also at v = 0, so the difference in the expectation value should be nonzero
at v = 0. This becomes clear when we zoom in to the region near v = 0 which is what we show on
the right plot.

If we impose AT boundary condition on all the operators, then the large N saddle point
equation is

OFwisted _ NVol(H~ 1T (%) < T (% -1+ \/%Q(k +v)? + a)

o0 o 2

o=o* (4m) T e T (2= 44/ (k+0)* +0)

=0 (4.29)

Proceeding in the same way as § = 27, we first expand the sum in general d in large k and
isolate the pieces that diverge as k — oo. The divergent piece of the sum can be performed
in dimensional regularization and analytically continued in d. And for the finite piece, we
have to either expand in € or turn to numerical methods. In d = 4 — ¢, the solution to the
saddle point equation to leading order in € is

772 v — v
. (2 (6 3621) +1) é) 1 O (4.30)

Correction to the twisted free energy, to leading order in € and N is

o OF, wiste
Ftwisted (19, 5) = Ftwisted (19’ 6) +N/0 do taio_td
~ (82— 4m2(6(0— 1)u 1 1))’ 3y
= Fiwisted (9 (H?)N-— — 2
twisted (7, ) U:0+V0 (H”) 5767235 e+0O(e)
Using (2.58) and (2.24), we get the conformal weight in terms of the free energy
h — 1 27T aFtwisted (4 32)

CVol(H) (d—1) 08 |s9s
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Figure 8. Numerical result and a smooth interpolation for conformal weight in d = 3.

This gives the conformal weight in the interacting theory to leading order in €

_N7rF (%) (1 —v)v (csc7r (% — v) —csem (g + v)) . N(1=0)v(9(1 — v)v —2)
d(4m) T (2= 9 —0)T (1- 4 +v) T2

NV (1-wv)?  eN(1—v)*?

B 127 1447w

h:

€

—6H v — v—1)+ 37+ 6log(m 4
( 6H 6¢(v — 1) + 37 + 6log(r) o U))
(4.33)

where 1) is the polygamma function and H™ is the n'® harmonic number. We used the free
theory result for conformal weight (2.24) in d = 4 — e. This agrees with the result from
epsilon expansion calculation in the large N limit (5.8).

Away from d = 4, we can still work numerically. For a given d, we now have three
variables in the sum (4.29), namely 8, v and 0. We are interested in calculating a derivative
with 8 at 5 = 27. So we choose three values of 8 near 27 as 8 = {27 — 0.01, 27, 27 + 0.01}
and then calculate the sum in (4.29) over a range of values of o and v. We do an interpolation
in ¢ and find the root for several values of v and all three values of 8. So we have an
analogue of figure 3 but for three different values of 8. We then use this saddle point
solution for o* to calculate the integral for free energy in (4.31). We finally calculate the
conformal weight using (4.32) where for the derivative, we use the numerical analogue

- 1 27 Fiwisted (27 + 0.01) — Fiyistea (27 — 0.01)
~ Vol(He1) (d—1) 0.02 ‘

(4.34)

We plot the result in d = 3 in figure 8. It is positive in accordance with the conjecture
made in [4].

5 Monodromy defect ind =4 — €

In this section, we study monodromy defect in the critical O(2N) model described in (4.2)
in a perturbation theory near 4 dimensions. In d = 4 — ¢, there is a fixed point with the
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fixed point value of the coupling constant given by
872
= €.
2N +8
We will compute defect CFT observables at this fixed point. To start with, let’s calculate

*

(5.1)

the twisted free energy on the hyperbolic space. To leading order in A, it is given by

Fiisted = NFfee 4 2 / dia /g, (8,9 (2))?)

AN(N +1) (5:2)

= NFfree + 21 Vol(H?)(CE®)?

where Ffvalsted is the free energy of a single free complex scalar in the presence of the twist
defect. Working to first order in A, we only need C{? in the free theory (2.16). Using that
in d = 4 and plugging in the fixed point value of the coupling gives
2,2
. eN(N + 1)Vol(H?) (1 —v)*v
Ftwisted = NFtwel(;ted 87T(N n 4) .

This is consistent with the large N result (4.16). Using this, we can compute expectation

(5.3)

value of the defect defined in (2.46), by subtracting the free energy of the untwisted energy
from the above expression. Note that in the theory without the twist defect, leading
correction to the free energy is of order A\?, because the one-point functions vanish. So at
this order

eN(N + 1)Vol(H?) (1 — v)? v?

—10g(D) = Fiyisted — Funtwisted = — N log(D)"™* +

87(N +4)
_ NVol(H? ) (1 — v)?v? N Vol(H?)eN(N + 1) (1 —v)*v®  Vol(H?)eN
127 8m(N +4) 472
csch? ()

/ dv? (H™ +¢(iv +1) — 2 — log 7r) log ( (cosh(27mv) — cos(27w))>

(5.4)

where we expanded the free theory result in (2.46) in d =4 —e.

We can proceed in the same way to calculate the conformal weight of the defect, defined
n (2.58). It can be calculated from the free energy on H?' x S! as in (4.32) by first
keeping the length of S, 3, to be arbitrary and then taking a derivative with respect to /3
at f = 2mw. Generalizing what we did above to arbitrary 3 gives

AN(N +1 5
Fuvisea = N + X D vty 082 ) (55)
Since \ is order €, we only need to do the calculation of one-point function of ®® as a
function of 5 in d = 4. As in (2.52), we can calculate this one-point function coefficient by
taking a mass derivative of the free energy

5 1 2 OF wi
P _ = twisted
Crr(B) = N BVol(H&1) " am? | ._,
() = r(g—1+2—”yk+v1) (5.6)

UM T T T (2 4+ F k0]
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To do the sum we first expand the sum in general d in large k and isolate the pieces that
diverge as k — oo. We compute the sum for the divergent pieces keeping d arbitrary,
and then analytically continue to d = 4. The finite piece starts contributing at order € in
d =4 — ¢, so we do not need to add it here. The end result is

6(v—Lv+1 1
632 242’

CPr(B) = (5.7)

We can then use (4.32), to find the conformal weight in d =4 — ¢

_NTFF (%d> (ld_—1 v)v (CSC’]T (% - v) —cscm (% + v))

d(4m) T (2= 9 —0) T (1- 4 +0)
N(N +1)(1 —v)v(9(1 —v)v — 2)

h:

+ 721(N + 4) ‘
v (1 —0v)? e — )22
_N 51% ) N(11447T) <—6H”1 — 6(v — 1) + 37 + 6log(r) — 0(14_ U)>
3eN(1 —v)v(9(1 —v)v — 2)
- 727(N + 4) ‘ (5.8)

This is also consistent with the large N expansion results (4.33).

5.1 Defect two-point function

In this subsection, we calculate the two-point function of the defect fields £ induced by the
bulk field ® on the defect. In the free theory, it is just given by the N field generalization
of (2.15)

— 5IJ6S1 SQCA I (A )
(U7 o, ()Y ()0 = ——F a2t Ca, = & . (5.9)
R (7)1 ' oondr (A, +2- )
In the interacting theory, it gets corrected by the bulk one-loop Witten diagram
Uy 5, ()Y (o)1 = V5 (01) @ vl (7). (5.10)

The integral involved is
(W1 GV, ) = —mAN + 13700 O [ (Ca K, )CoKa,) (51D

where we already performed the bulk integral over S'. The bulk-boundary propagator is
normalized as

- r As;
K, (i y,r) = 2 G= . (5.12)
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Plugging in d = 4, the integral may be written as

AN +1)877 8y, 5, (CR® A RT]

T o (a 5 (C17)
(U 51(3/1)\1’52(92»1 = 473 /(T2+(ﬂ—g1)2)Asl (T2+(g»_g»2)2)A32
AN 8, 4, (CRP) r2lsil=14ngp g2
- i R e e o
(5.13)

where we added a regulator 7 to regulate the » — 0 divergence on the boundary of hyperbolic
space. The integral over ¢ can be performed by introducing Feynman parameter a. The
remaining integral is

AN 4 1)677 84, 0 (CE)T(1 4 2|51 )
471'2F( + |s1])?

ol — a))lstlp2lsil=14n
/ da / dr o))
(12 + a(l — a)j,) 21l

N+ 1)61J651 82(0 ) ( ) 1 )
1 -
21| () e\ % (i) [51]

e(N +1)v(1 — )51 65, 5, (2 y 1
- ( 2 i )—2 14S-|1ss|2 ( + log (y%Q) - )
Am?(N +4)|s1|(g1) 15! \n |s1]

(U1 s, (1) VL (o)) = —

(5.14)

up to terms that vanish as 7 — 0. The anomalous dimension of the defect operators can be
read off from the coefficient of the log, which gives the corrected dimension

v(iv—1)(N+1)
2(N +4)|s|

€
A = 1+\s|—§—|— (5.15)
This result is consistent with the results from large N expansion (4.15).

Let’s also do this calculation when the KK mode with s = v has a A, boundary

condition. First let us look at the correction to the two-point function of defect operators
W, with s # v. Then the integrals above remain the same, but the one-point function

[y
[\
SN—

g AN+ 1678, (CF%) (2 y
(@1 )y =~ s ) (2 gy (i

coefficient of ®® changes. So the correction to the two-point function is
)
Am?|s1|(3Fy) ] |s1]
e(N + 1)v(1 + )67 s, s,

) (5.16)
T AT2(N + 4) sy |(72,) sl (77 - log( ) - !Sl\)

where we used the value of the one-point function of ®® in the free theory with A~ boundary
condition (3.7). This gives us the dimension of the s # v operators to leading order in €

v(1+v)(N+1)
2(N +4)|s

AT :1—|—|5|—§+ (5.17)
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For the s = v operator, the leading correction to the two-point function is given by

g AN+ )8 (CF)- =20 4ndrd2yy
<\I’Iv(y1)\1’1{(y2)>1 = - ( ) 13( ! ) / 2 = =2 \2\1—v(,.2 y~ 2 \o\1—v
4 (12 + (¥ — 1)) (r? + (7 — 42)?)

AN + 1)8;7 (C2®)~ (2 Y 1)
= 24 -
Am2o(ggy) v Ui o (y12) " v

e(N +1)(1 4 v)ér7 (2 i 1)
= —+lo +-.
47['2(N + 4) (g?z)liv n g (yl2) (518)
This gives the corrected dimension of the s = v operator
1 N +1
A—:l_v_f_we. (5.19)

v 2 2(N +4)

These results are also consistent with the large N expansion calculation (4.26).

5.2 Bulk two-point function

We now calculate the correction to the bulk two-point function of ®. In the bulk OPE limit,
when the two fields are close to each other, we expect the following behavior

r(¢—-1 1 _ _
_ 2
(Br(21)®7 (z2)) = <2 7 ) (19|12 + C.0:""(CT%) + ... (5.20)
T

up to terms subleading in x5 = 1 — 9. We will calculate the bulk one-point function

C’{i’ ® to leading order in the perturbation theory in A. In the free theory, the two-point
function is given by (2.12). The leading correction in the interacting theory is given by a
tadpole diagram in H4 1 x §!

- AN+ 1)(CF"07 [
'

(@7 (21)@7 (22))1 = — T/Gr Ggg(71,7)Ggg (T, 72). (5.21)

To leading order in A\, we only need the bulk propagator in d = 4,

B _ _1s012 (5(1+§)>_%
Gq><1>(331,1‘2) =e se%v 87r2(\/f+ m)ms—z'

Then following [13], we place the two operators at the same position on S, (§; = ) and

(5.22)

at the same distance from the defect (r; = ro = 1’). We place them at a separation of 3/’
along the defect and parameterize their position as 7 = (v'/2,0) and > = (—y'/2,0). We
can then do the integral over S' and are left with the following integral on H9~!

(@100 2y = - 2O 57 vl R
s . r dyd_eje_((dy+d_)(eq+e_))?As
(5.23)
where the integral runs over the H4 ™! coordinated 0 < r < 0o and —oo < 9,z < 00. As
in [13], we defined

'\ A%
d+ = (Z/—2) + 22+ (r£17)?, e = (y+2) +22+ (rkr)? (5.24)
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We can then perform the sum over spins to get

v J
(@r(21)®7 (7)) = MV 14)75305@)51

" / drdydz — (r')?(4r'r)2=2(dy + d_)?"(ey +e_ )%
r o dyd_ere_ ((dy +d_)%(es +e_)2— (47'1)?)

+(v—=1-—v).
(5.25)

We are interested in extracting the one-point function of the operator ®® from this two-point
function. For that purpose, we define p = y'/r’ and then look at the integral in the limit
p — 0. Such a analysis was done in [13] for v = 1/2 and can be repeated for arbitrary
values of v. We do this in appendix B.1, and here just report the result (B.10)

AN + 1)(C2®)5,7

(Dr(21)®7 (22))1 = — 82

(—2log,u - (Hlfv + H”) + 11(11—v)> (5.26)

where H" is the n-th harmonic number. The constant, p independent, piece above con-
tributes to the one-point function coefficient of ®®. Combining this with the free theory
result (2.16) in d = 4 — € gives the result!!

U_l)v+ (v—1)v(y+3+logm)+1
€

o) _
C@@;q)(b(cibq)) = 471'2 87'('2

5.27)
3ev(v—1) 1—w v 1 ) (
RN ) ( (B4 H) + o1 —0)
At large N, this gives
5 % —1 —1 1 1
C,i);@;@q)(CID(D) — (1) )'U + (U )U("}/ +3+ Ogﬂ—) + € (528)

472 82
consistent with (4.19). For general N, but for the Z5 twist defect with v = 1/2, this gives

1 N € (1 ) ) 3e
_ o log) — €
16m2 " 32720 7T 8T T g (N 1 4)

C3.0: 72 (CF?) = log 2. (5.29)
This is the result for O(2N) model, which should give the Ising result for N = 1/2, and
it matches with the result in [13] for that case up to a difference in normalization. Using
result for C@;q,;‘m’ from (B.31), we get

Nwv—-1v N(((v—1v(y+4+logm)+1)
472 872
3eNv(v—1) e v 1
+ww+®&@1+H%wbw”>

There is an extra factor of N in the free part compared to (2.16) because we have N complex
fields.'?

cPe = €

(5.30)

1Note that we work in a normalization such that Cq;;@;i)q) = 1 in the free theory of a single complex scalar.

12We hope that using the same symbol, C£®, for the one-point function of ®® in both single field and N
field case does not lead to confusion.
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Let’s also discuss how the calculation changes when we use A~ boundary condition for
the s = v mode. We now have to use the (C’ii"l))_ from (3.7) for the free theory one-point
function. And when we perform the sum in (5.23), we need to use A~ for the s = v mode.
So the correction due to interactions, to the bulk two-point function is given by

P\~ J
(@)@ aa))y = XSO (Cgrog e (i) 4 1)
AN +1)(C22)=6;7 [ drdydz  (')? (4r'r)~2
- 47T31 / r dyd_eje_ (((d+ +d_)(ey +e )2 (v — —U)> .
(5.31)

So we now have an additional integral to perform which we also perform in appendix B.1
with the result in (B.14). Overall, the result for the interacting correction to the bulk
two-point is

_ AW+ D)(CR2)s, ey 20—1
(Pr(21)®7 (22))7 = — 87721 : (—210g,u - (Hl +H ) + 7)(1—11)) '

(5.32)
The p independent piece is the contribution of the bulk interaction to the product of the
bulk OPE coefficient and the one-point function of ®®. Adding it to the free theory result
ind=4—¢€(3.7) gives

5 B v+ 1)v v+ 1v(y+3+logm)+1
C&);q);q)(b(cilﬁb) :( ) _|_( )( ) €

472 872 (5.33)
3ev(v+1) “ v 20—1 ’
TSRV <_(H1 +H)+v<1—v>)'

In the large N limit, the leading order in N piece agrees with the result from the large N
calculation (4.27).

5.3 Coefficient of displacement

In this subsection, we calculate the coefficient of two-point function of the displacement
operator to leading order in €. To do that, we use the fact that the displacement appears in
the bulk-defect OPE of ®® as we saw in the free theory (2.34). So we need to now look at
corrections to the bulk two-point function of ®®. In the free theory, it is given by

<§)[‘I>I(ZL'1)<T’JCI)J(.%'2)>O = N(Géq)(.%'l, .%'2))2. (534)

It gets corrected in the interacting theory, and the leading correction is given by

)\NN+1

(@10 (1) B8 (1)1 = ) a5 Gl )Gy ,22)

= — Z M d%x i(s1—52)(01—0)+i(s3—s4)(02—0)
2(872)" 9z

€x1x<1 + €CC1$> 151}2x(1 + 5«17213)

(Ve + V1T G 211520 (G + /T Eag) 20l aD
(5.35)

51,52,5354
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The integral over 6 gives a delta function §(s; — s2 + s3 — s4). The remaining sum over spins
then captures the contribution of various defect operators appearing in the bulk defect OPE
of ®®. Let us then isolate the contribution of the displacement operator, which appears for
s1=84=vand sg =83 =—1+wv

AN(N +1) /dd‘lw@ €261 (1+ &opo) M (1 + Eape)
2(872)4 (VE&z + 1+ Eay2)*(VErz + V1 + Eaye)?

AN(N +1) (1613
2T drdyd .
9 7r7 / TV R T (dy + d_)2(es + )2

<<I>[<I)](l‘1)(i)J<I>J(ZE2)>1 > —

(5.36)

To go from the first line to the second line, we fixed the position of operators x1, 2 as

written for the bulk two-point function of ® above (5.23). di, ey are defined in the same

way as before (5.24). But now, we are interested in the contribution of the defect operator,

so we define k = r'/y’ = 1/1/4&;,4, and look at the integral in the limit £ — 0. We do this
in the appendix B.2, with the result being (B.22)

<(i)[q)l($1)<i>J(I)J(l‘2)>1 =) M (10g/€ + 1)

1676 4

eN(N + 1) (5:37)

1
> 8PN + 4)(46)3 <_ log(14¢) + 2) ‘

We should combine this result with the result in (2.34) in d = 4 — €. Note that the
result in the first line of (2.34) is written in terms of A which also gets corrected by the

interactions (5.15), so we need to use the corrected Ag. This gives, to leading order in €

N eN(N +1)

(a0 (@0 > gy * smw + ayagy ) (5.38)
eN '
- W(d}(l +v)+ (2 —v)—2logm)

where 1 (z) is the polygamma function. Adding (5.38) and (5.37), the log piece cancels,
which implies that, as expected, the displacement has protected dimension d — 1. It gives
the following result for the product of bulk-defect OPE coefficient and the displacement
two-point function

eN 3eN

5 N 1
P2
= -y 2 —v)— = —21 S AR
(CB"Cp = 11 = o (VU4 0) +0@2 — ) = 5 ~21om) = S (539)
Then, we can use the ward identity (2.33)
49
_ 7\ 2 \/77. _
AjpCF® = — (4) ?C’%‘I’CD (5.40)
r(%!)
and the result for C’{i)q) in (5.30) to get
4v?(1 —v)’N 7 H'""+ H"
CD:U(7T2U) 1+e<’y+4+logw—v(1_v)+( ;— )>
(5.41)

N3j4 <— (HH’ +H”) T 0(11—@) - Z)]

_l’_
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Note that we had to use the bulk result for O(2N) model [49]

(5.42)

5.4 Defect four-point function

In this subsection we calculate the four-point function of the defect operators ¥, in the
d — 2 dimensional defect CF'T. We use this four-point function to study composite operators
on the defect that appear in the corresponding conformal block decomposition. The
composite operators can be, schematically, either of the form Wy, (§2)™(9)"W,, or of form
U, (62)™(9)'W,,. Each of these have free theory dimensions A, 4+ Ay, + 2m + [ and
longitudinal spin [. For the former, the transverse SO(2) spin is s; — s2 and hence is an
integer, while for the latter, it is s; + so and hence, is fractional, of the form Z + 2v. We
will study both these cases below.

Integer spin operators on the defect. Let’s first look at the integer spin operators
on the defect by considering the following four-point function in the 12 — 34 channel

= = = = 51 5K
(WL ()0 o (52)VE (§3) V1 5, (51)) = 67 765 L Gising + <5IL5JK - JNL> Gadj (5.43)

where we have decomposed the correlator into singlet and adjoint representations of U(N).
The operators that appear in this channel are of form W1 (82)™(9)Wy 4,. Let’s restrict to
the longitudinal spin ! being zero, because to the order we will consider, we will only be able
to see anomalous dimensions for [ = 0 operators. There will be mixing among operators
which have the same dimension in the free theory and same SO(2) spin

|si| + [s2| +d — 24 2m = |s3| + |s4] + d — 2 + 2n, S1 — S2 = S4 — S3. (5.44)

To keep the analysis simple, we will also restrict to the case when {si,s4} > 0 and
{s2,s3} < 0 and then the equality of SO(2) spins implies m = n, and hence there will only
be mixing between operators having equal number of derivatives. So we are only considering
composite operators of the form O™ = \Paw(g?)m\ff_ﬁa% for positive integer s and
a=0,1,...s— 1. These are all degenerate, and we expect this degeneracy to be lifted by
interactions. So we expect the following form for their two-point function

sm(= \NS,M/—~ 1 s.m i
(O™ (11)05™ (92)) = (AGE==n (5a6 —eAgs 10%(9%2)) : (5.45)

Note that we have to properly normalize the operators such that their two-point function is
unit normalized in the free theory. AJs" is the matrix of anomalous dimensions, and its
eigenvalues give the anomalous dimensions of all the spin s composite operators with 2m

derivatives. To extract this anomalous dimension from the four-point function, we note
that in general, such a four-point function can be decomposed into conformal partial waves,
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or equivalently the conformal blocks'3

(WL ()8 o (@) VS (73)0L o, (71) = Cu, w,,0C%w, 0., Wao (i)
0

Ao Agq (5.46)
Wa,(Gi) = (17%4> 2 (g@) ) Gaulu,v)
AN\Yi ) =) Aoy +Asg Roz+is,

Yia Yi3 (2, 2 (U3 2

where A1 = Ay, — A, and the conformal block depends on the cross ratios

_ iy _ Py o
U= 5, v = (5.47)
Y13Y24 Y13Y24

The particular correlator we are considering then, in perturbation theory in e will contain

(WL ()Y 0o (§2) U a1 (B3)VL () 2

s,m

o € . (5.48)
ZC‘Ifﬂ\i’szOfm’mC 7 ‘1’33‘1’54 <6o‘ﬁ + iAZgn m) Wd_2+8+2m70(yi)'
m

With these generalities in mind, we can go on and calculate the four-point function. At
tree level, this correlator is just given by the disconnected pieces

I K I J
d J5 L651782553,54 d L6 K581,S4552783

(F12)21 (FB) s (F4) 21 (5B3) "
(5.49)
The first term above just represents the contribution of the identity operator and the second

(U, ()W s (G2) V5 ()L s, (52))o=Ca,, Ca,, l

term represents the contribution of composite operators of the type we mentioned. To
decompose it into the conformal blocks, we can use the following result from [50]

051,54 050, 12 >
SIS 5By Dy (M )WAZAL, 4 A 420410 (7)- (5.50)
(G14) "1 (Ug3) 73 n,l

The squared OPE coefficients are given by

(A81 +2- %)n (A82 +2- %)n (A81)l+n (A82)l+n (ASI +A82 +2n+20— 1)—1
I'n! (l+%—1>n(As1 +As,+n—d+3), (Asl +A,, +n+l—g+1)

C(()lz) (TL, l) =
n

(5.51)
Note that the individual dimensions appearing in the subscript of partial wave Ay, include
corrections from (5.15). Also, the delta function constraint ds, s,ds, s, is equivalent to dap
so the disconnected piece only contributes to the diagonal part of the anomalous dimension
matrix. This also immediately tells us that, in the U(XN) singlet sector for example

(12)
(Cy s 7sm)2 _ Co (m70)cAsch82 _ (A51)3n (A82)72n (5.52)
W, Uy, 08 N 4N (m!)?(s +m+1)2, '

13Note that all the irreducible representations of U(N) will individually have this decomposition.
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The leading correction to it comes from the contact Witten diagram

Vg 5(12) Uy, ()
= 761 765 L + 61107 k)0 (51 + 53 — 59— 54)
4
x /HCA%- K., @ 9.7) (5.53)
=1

where the remaining integral is only over H%~!. The above integral can be evaluated in
terms of the well known D-functions [51-53]

(WL (1) Vg 5 () VE (§5) VL o, ()1 = =7 56" L 4+ 6767 K )5(s1 + 53— 52 — 4)

4
x (HfA) Dy by g s, (52) (5.54)
i=
The D-function has the following conformal block decomposition [54, 55]
Dy 8y ey (1) = 2 P2, W, 0(5) + X PPV (. 0Wa, ). (5.55)
m n
The dimensions of the operators appearing are A, = Ag, +A,,+2m and A, = Ag,+Ag,+2n
and the squared OPE coefficients are given by
P (m,0) =
I G LT G ) L G ) R G ) Al G

2ml(Ag, + Ay +m+1—9),T (Ag) T (As,) T (A)

(5.56)

and similarly for P1(34) (n,0). The coefficients clearly have a divergence when Ay, +Ag, —Ag, —
Ay, = 2k, an even integer. This is equivalent to the condition that |s1|+|sa| —|s3| —|sa| = 2k.
Note that we also have the s; 4+ s3 — s9 — s4 = 0 constraint coming from the delta function
in the contact diagram. For the case we are considering when s1,s4 > 0 and s9, s3 < 0, the
delta function constraint implies that Ay, + A,, = Ag; + Ag,. In that particular case, the
above decomposition for the D-function becomes

™ (H?:l (Asz)m> (Asl +AS2 +2m - 1)2—m 2
2(m!)2(As, + As, +2m—1) <A51+A52+2m—1

DAy Ay g ey (B) =D

m
4

Ag, +As,—2 2 As; +As,—2 A —1 —
F2H™ —2H st R T2 AP R F 8072 N Ay —3m> Wa,, +a4,+2m,0(Ji)-
i=1
(5.57)
Notice that as we said before, to this order, the contact term only gives anomalous dimensions
to [ = 0 operators.
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As we mentioned briefly above, in addition to the contact interaction, there is also
a disconnected diagram that contributes to the anomalous dimension of O%™. This just
corresponds to the anomalous dimensions of the two individual ¥, which make up O3™.
This disconnected piece just contributes to the matrix for « = 5. Combining the result
from the corrections to the individual dimensions (5.15), and the contact diagram (5.57),
we get the following anomalous dimension matrix in the singlet U(N) sector

(N+1) -
Asm _ ) NFA)5omiT) ifazf (5.58)
of (V4D v (VD) if o= '
(N+4)(s+2m+1) 2(N+4)(a+v)(s—a—v) e

To get the dimensions of all the spin s operators of this kind then, we have to find the
eigenvalues of the above matrix and add that to the bare dimension 2 — e + s + 2m. In
particular, the displacement operator is non degenerate and corresponds to |s1| = v and
|sa| = 1 —wv. So for the displacement, s = 1,m = 0 and w = f = 0 and it is easy to see that
it does not get anomalous dimension to this order. In general, we expect the displacement
to stay protected to all orders in perturbation theory. Also, notice that the contribution
of the contact interaction is the same order in N as the contribution of the disconnected
diagram. This is because we are talking about the singlet sector of U(N). In order to
calculate this correction in the large N expansion, we have to know the correlator of o
operator. We do not do it here.

Fractional spin operators on the defect. In order to analyze the operators of the
form Wy, (52)m8lW52, we have to look at the above correlator in 13 — 24 channel. These
operators have SO(2) spin s = s1 + s € Z + 2v. Alternatively, we find it more convenient
to consider the following four-point function, and look at it in 12 — 34 channel

" Lz I " 8 67 + 6716”7
(W, ()05, () Ui o5 (5) 0 84<y4>>=< A K) Goym.

6”7, — 61167
+ ( KT L 9 L K) gant (559)

and now we are looking at the operators in the tensor product of two fundamentals of
U(N), so the four-point function decomposes into the symmetric and anti-symmetric
representations. Let’s again restrict to the I = 0 case, and also consider the case when
{s1, 82, 83,84} > 0. This is the case when mixing happens only among the operators
with the same number of derivatives. So we are going to consider operators of the form
o5 = \I/a+v(52)m\113_a_v where s = k + 2v for some positive integer k and a = 0,1... {%J
We again use the normalization such that the two-point function of the composite operators
is given by (5.45).
At tree level, as before, the correlator is given by the disconnected pieces, which can be
written as
I /- J =\ S\ — 5IK5JL551,53632,54 6IL6JK581,54552753
<\I/51 (yl)qlSQ (yQ)\I/K 53 (y3)\IIL S4 (y4)>0 = CAsl CASQ [ (Zj%g)Asl (117§4)A52 (y_’ﬁ)ASl (g%g)ASQ

=Ca,,Cany D0 ((“ 167 1687 18401 50000+ 0167 KB 54003,

n,l

(12)

xey (D) Wazay, +A,,+2n+11(Yi) (5.60)
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The difference from the previous case is that when we consider operators in the symmetric
sector, for s; = sy or equivalently o = s/2 — v, both the terms above will contribute and
hence the OPE coefficient squared will be twice as much. So, in the symmetric sector, the
OPE coefficients are

(Asy ) (D)

_ N2 (12 — m UL
(Cy, v, 00m)" =co  (m,0)Ca, Ca,, = AT (mN)2(s + m + 1)2, (5.61)
(12) (Asl)fn

~ 2 2 —
(C\II51\1181O§,W) = 2CO (m,O)CA51 - 27T4(m')2(5+m—|— 1)3‘”

The first order correction coming from the interaction is also similar to before

<‘I’£1(?jl>‘1’;]2 (372)‘1’1( 83(g3)@L S4 (374)>1 = - W)\(51K5JL + 5IL5JK)5(31 + 59 — 83 — 54)
4
X <1:[16A8i> DASl’AS27AS37AS4 (37@) (5.62)

Again, for the case when all {s1, s2, 3,54} > 0, above contact interaction is only non-zero
when Ag, +Ag, = Ag, + Ay, and the decomposition in (5.57) can be used. Using that, and
adding the result of the disconnected pieces from (5.15), we can see that in the symmetric
sector, we have the following anomalous dimension matrix

2 if a #  and neither o nor B is § —v

(N+4)(s+2m+1)

Azén _ (JV+4)(§-27H-5-1) R %f « f I3 an(stl either a or B is § —v
(NFD)(sr2mFD) T 3(NF4)(ato)(s—a—0) ifa=p5+#35-v
T o fa=F=35-v

(5.63)

Zs monodromy defect. For completeness, we also specialize this four-point function
calculation to the case of Zy twist defect where v = 1/2. We consider N real scalars and the
monodromy is defined such that they pick up a minus sign as they go around the defect. We
have the full unbroken O(N) invariance. We only need to talk about one set of operators on
the defect since the reality condition on scalars implies ¥, = W_,. These defect operators
have the two-point function given by

sliey, o T(A,)
()R &7 gmdsor (as+2-9)
v(v—1)(N +2)

2(N +8)|s]

(W) 7, (42))
(5.64)

€
As=1+|s|—§+

where s is an half-integer now. We then consider the following four-point function in the
12 — 34 channel

(W3, () W, (72) W (3) W5, () = 876" Gs + ( 5 ¥

5IK5JL _ 5IL5JK
2

6IK(5JL+5IL5JK 5IJ5KL
- )gT

Ga (5.65)
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and we have now decomposed it into singlet, traceless symmetric and anti-symmetric
representations of O(NN). We restrict to the case with s1,s2 > 0 and s3,s4 < 0 and consider
operators of the form O5™ = \Ila+%(52)m8l\1157a7% for = 0,1...[55]. These operators
are normalized to have unit two-point function as before.

As in the previous case, we can calculate the correlator as

5IK5JL6

517*535527*34 6IL6JK551754552753:|
()21 (i3,) =2 (724) 21 (i85) =2
= (80780, gy 00y, s (~ 1) + 86T, 00, )

(UL, ()WL, ) U (32 UL, (7))o = Ca o, |

x Ca,,Ca,, ZCO n, DOWa=a,, +4,, +2n+1,1(7i)

(5.66)
and the first order correction

(WL () UL () UE (75) UL (F0))1 = —4m A (6 65L + 65 675 4-611575) 5 (51 + 52+ 53+ 54)

4
X <HICA> Dy g g they (i)- (5.67)

We can extract the anomalous dimension from the above results similar to the previous
cases, and in the O(N) singlet sector, we find

% if a # B and neither a nor g is %
sm (N_pg((s% if o # B and either « or § is %
af 2(N+2 N+2)s . .

(N+8)((s+22n+1) - 2(N+8)(2(o¢+1)22372a71) ifa=p5#°5"

(N+2) (N+2) ifo=p= %

(N+8)(s+2m+1) = 2s5(N+8)
(5.68)

For N =1, they give the results for the twist defect in Ising model, which were also discussed
n [13]. The authors in [13] did not discuss the case in the second line of the above equation.

6 Conclusion

In this paper, we studied monodromy defects in free and critical O(N) model. We used
conformal symmetry to map the problem to S' x H% ! and saw that the hyperbolic space
is well suited to many of the calculations. In particular, we computed the expectation value
of a spherical monodromy defect (in 3d CFT, a circular defect) from the free energy on
the hyperbolic cylinder, and also from an alternative approach based on mapping to S¢.
We then studied a defect RG flow related to choosing alternate boundary conditions on
H%! and verified the conjectured “defect C-theorem” for this RG flow. We studied the
monodromy defect in the critical O(N) model both in an large N expansion keeping d
arbitrary and in d = 4 — € dimensions with e expansion techniques keeping N arbitrary. We
performed several consistency checks among these two approaches.

As a next step, it would be interesting to do a systematic study of the bulk data (the
bulk one-point functions for instance). In [8], a defect CFT inversion formula was used to
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learn more details about the bulk data for twist defect in the Ising model. It would be
interesting to extend the techniques to the more general monodromy defect we considered.
It would also be interesting to get more analytic control over the large N results. We relied
on numerics to solve the saddle point equation (4.11), but there might be a way to do this
analytically. Understanding the large N solution better may also be a useful first step
towards understanding the holographic description of the system.!* Moreover, as we saw
in section 4, an interacting unitary fixed point does not exist in d = 3 when we choose
A~ boundary condition for s = v mode. However, there does not seem to be any issues in
describing it close to d = 4. It would be useful to understand why this happens, and an
analytic understanding of the large N solution may help us understand it better. It would
be also interesting to go beyond the leading order at large N, which would entail including
the o fluctuations around the saddle point and finding the corresponding propagator. Such
analysis in the BCFT case was done in [39] (see also [32]), and similar techniques may apply
in this case.
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A Spectrum of Laplacian on S§? with twisted boundary conditions

In this appendix, we determine the spectrum of Laplacian on S with twisted boundary
conditions. In the coordinate system specified in (2.61), we may write the eigenfunctions of
Laplacian as e f (T)Kgi—2, where Kga—2 is the eigenfunction of Laplacian on S92 with
the usual periodic boundary condition. The required monodromy in 6 direction implies
my € Z~+v. The eigenvalues and their degeneracies for the Laplacian with periodic boundary
condition on S472, are well known

(2m¢ +d— 3)F(m¢ +d—3)

—m¢(m¢+d—3), dm¢ = m¢!f‘(d—2) , mg=0,1,2,... (A.1)

Hence, the eigenfunction equation for f(7) is

m3 n me(mg ;‘ d— 3)>f(7') =Af(r). (A2)

cos? T sin? 7

() + ((d —2)cotT — tanT) f'(7) — (

The solution regular at 7 = 7/2 looks like

5 —d+2|my| — 2mg — /(d — 1) — 4\
4 )
5—d+2|mg| —2mg + /(d — 1) — 4\

4

f(1) = (cos T)|m9|(sin T)?’_d_"“ZS 2F1<
(A.3)

, |mg| + 1,(:082(7)).

1A holographic description of a similar defect was discussed in [56].
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We also want the solution to be regular at 7 = 0 in all dimensions. The eigenvalue A can be
parametrized as
A=-n(n+d-1), (A.4)

and regularity of the solution at 7 = 0 demands
n = |mg|+mg+2a, a€N (A.5)

where N represents the set of non-negative integers (includes 0). As mentioned previously,
the definition of defect requires mg € Z + v which implies that n =k +vorn=k+1—w
with k being a non-negative integer. Using the degeneracies of mg in (A.1), it is easy to
count the degeneracies of n

@2n+d—1)0(n+d—1)
n!l(d)

n=ktv. keN, d,= F+d

neN, d,=
(A.6)

kT (d)

When summing over the eigenvalues, we need to sum over both n =k+vandn=~k+1—w.
When v = 1/2, they both coincide. This effectively means that for v = 1/2, the degeneracy
of a given n is twice of what we wrote above.

B Bulk integrals

B.1 For bulk two-point function

In order to calculate the one-point function of ®® to leading order in e in subsection 5.2,
we need to do the following integral

J / drdydz — (r')?(4r'r)2=2(dy +d_)?"(ey + e )%

r did_eye_ ((dy + d_)2(6+ + 6_)2 — (47‘/7‘)2) +(v—=>1-v) (B.1)

where the integral runs over 0 < r < 00, —00 < y < 00, —00 < 2z < 00 and

A% y'\?
dy = (y—2) + 27+ (r£r)?, er = (y+2> +22+(rxr)? (B2

This integral was analyzed in the limit ¢ — 0 in [13] for v = 1/2. The same method goes
through for arbitrary values of v, with some changes. We will do that here. First, let’s make
the integral over dimensionless variables by making a substitution y = r’a, z = 'b,r = r/c,
and then extend the integration over all of R3

2\1—v 7 \2vu(z 5 )20
J:23*4”/ dadbde—\)2 e+ d)(Es +e) +(v—1—0v)
R3

dyd_épé_ (( I, +d_)2(ey +6.)2— (40)2)

(B.3)
T SR (R TS
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When p — 0, this integral has logarithm divergences around (a,b,c) = (0,0,%1). So we
expect the integral to be of the form alog i + 8 up to terms that vanish as y — 0. We are
interested in calculating « and 3. To do that, we introduce an auxiliary parameter N and
divide the integration region into two parts and write the integral as J = Jy (u, N)+J2(u, N).
J1(u, N) is the integral over spheres of radius pA around the two points (a, b, c) = (0,0, £1)
and Jo(p, N) is the integral over rest of R®. The integrals Ji2(p, ) simplify in the
limit N — oo, uN — 0 if we do not care about the terms that vanish as p — 0. Let’s
first look at Ji(u, N') and focus on the sphere around (0,0,1). Making a substitution
a=px,b=py,c=1+4 pz gives

dy =é&p =2+ pz+0(u?)

. 1\2 1\?2
dzu\/<x—2> +y2+ 22+ 0(u), ézu\/<x+2> +y2+ 224+ 0(1?).
(B.4)

Similar things can also be said about the sphere around (0,0,—1). The integral, up to
terms that vanish as ¢ — 0 then becomes

1 1 1\ 2
T N) = = dedyds———=——— _ (i>+z+2
1 N) 2/oc2+y2+z23/\/2 e ) fx W” 2) TVTF
:27T/Ndxx+%_|$_%|+\/N22;—‘11_x_\/N2+}l+x
0
= mlog2/N + O(1/N). (B.5)

Now, let’s shift our attention to Jo (i, N') which runs over the domain D = {(a, b, c) € R3|a®+
b2 + (c£1)2 > (uN)?}. In the limit N” — oo, we can take di = éx = /a2 + b2 + (c = 1)2
and hence 4c = d2 d%. The integral then simplifies to

2 %—v 7 7 \4v
Jg(u,N):23*4”/ dadbdc— fc) N(d+~+d’)
D (dyd-)2 ((dy +d-)* = (40)2)
~ ~ 2v—-1
1 1 dy +d- B
=3 /Ddadbdc(chci_)?’ <\c§+ — J_y> +(v—1-—0).

We then scale the variables by two followed by an inversion to change the variables as

+(v—=1-v)
(B.6)

"o_ 2a by = 2b J’ 1 _ 2(C — 1)
I e e I e e 2 @+ b (1)
a + b2 4 (C// + l)z (B'7)
e J+ — 2 2 55 N_ — 2
a2+ b2 4+ (c” _ %) \/@”2 L2t (c” _ %)2

and the integral simplifies to

1 1 1 2v—1 1 1—2v
JQ(,LL,N) — E da //db// /"= T+ + + <7a+_‘_> ) ’

D s |7"+—1| ry =1

1
— "2 bl/2 /! —
Ty \/ a4+ b7 + (c +5

(B.8)

— 46 —



When we scale by two, the integration domain gets mapped to everywhere outside the
spheres centered at (0,0,1/2) and (0,0,—1/2) with radius N /2. Then, when we invert
about (0,0,1/2), to leading order in uN, it gets mapped to everywhere between the sphere
of radius pN /2 centered at (0,0, —1/2) and the sphere of radius 2/uN centered at (0,0,1/2).
So D" = {(a”,b",c") € R3|a"? + " + (" +1/2)? = (uN/2)*?}. Again, to leading order in
puN', we can shift the outer sphere of radius 2/ ,uN so that it is also centered at (0,0, —1/2)
so the integration domain becomes everywhere between concentric spheres with radii inverse
of each other and the integral becomes

B ;JT\/’ ,r.+_|_1 2v—1 <T++1 )1—21}
)= [ () (i

1 (B.9)
= 2log2 — (H'™" + HY) + ——— — 41
2 ( o8 ( * ) v(l — o) OgﬂN)
So N cancels and the full integral is
s 1
J==(—-2logu— (H" ™+ H") + — . B.10
2( og i ( + )+U<1_U)> (B.10)

For the same calculation with A~ boundary condition, we need an additional integral

_ drdydz  (r")?  ((ds+ +d-)(esx +e_))*
J = — —v). B.11
/ r  dyd_eye_ (4r'r)2v (v=—v) ( )

Doing the same subsitutions as before, we get
2\—2—v(J 7 \2v(5 5 \2v
d d— _
J = 2—1—4U/ dadbde\ )2 H A ) E FE )Ty (B.12)
R3 d+d_€+€_

This integral in fact does not have diverge as 4 — 0, so we can just plug in pu = 0, since
we are only interested in p independent piece for this calculation. For y = 0, we have
dy =éyx = /aZ+ 02+ (c £ 1)2 and 4c = d2 — d> which gives a simpler integral

(d~+ + d~_)2v—1

= 2/ dadbdc(d+d B\, —d o — (v = —v). (B.13)
We then do a change of variables as in (B.7) to get
-1 won g (T4 + 1)21;—1 _ 9 9 1\?
J = Z d db’dc W - (’U — —U), ry = a + b + c’ + 5
(ry +1)%71
_7r/ d+ + ’)2v+1 (v — —v)
: (B.14)
v

B.2 For coefficient of displacement

For extracting the coefficient of the displacement in subsection 5.3, we have to perform the
following integral

7= / drdydz G (B.15)
B Y d2d?e? e? (dy 4+ d_)*(es +e_)? '
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in the limit k = 7'/y’ — 0. As before, we rescale the coordinates as y = ay’,z = by',r = cy/
to rewrite the integral as

1 (62)3/2
T = K°I, I =2 | dadbdes=——sa—ts—"
2 Jrs did?eéie? (dy +d_)%(ey +e-)?

_ 1\2 1)?
di:\/<a2> +b2+(ci/{)2; éi:\/<a+2> +b2+(0i’%)2‘

As before, this integral has a logarithmic divergence as k — 0 at (a,b,c) = (£1/2,0,0)

(B.16)

and we want to evaluate the integral I up to terms that vanish as x — 0. As before, we
divide the integration region into two parts I = I1(k,N) + Iz(k, N') with I (k, N') being the
integral within two spheres of radius kA around (+1/2,0,0). We will look at the integral
in the limit N' — oo, Nk — 0 ignoring the terms that vanish in this limit. Focusing on the
sphere around (1/2,0,0), we make a substitution a = 1/2 4+ kz,b = Ky, c = Kz, and note
that éx =14 O(k)

1 (22)3/2

Li(k,N) ==~ dxdydz ,
i ) 4 Ja24y2422< N2 Y 22 (f+ f-)?

fr=yJa? 4y + (2 £1)2
(B.17)

The integral over x,y can be directly performed, and the rest can be performed after we
expand in large N. Up to terms that vanish as N — 0, we get

N _ 3
Il(li,./\/'):—l dz (zlog (M(Z—I_l)>+zlog2+z>

16 Jo 222 N4 (B.18)
™ 7
Let’s now look at the other part of the integral
1 (62)3/2
L(k,N) = f/ dadbdc—=— = = B.19
2(m N) 2J/p d3d* e e’ (dy +d-)?(éy +é-)? (B.19)

where the domain of the integral is D = {(a,b,c) € R®|(a +1/2)? + b + ® > (kN)?}. At
large A/, we can use CZ+ =d_, €4+ = €_, so the integral becomes

1 ( 62)3/2 1\2 ) )
IQ(K,N):?)—Q/Ddadbdc 156 ry = (a:l:2) + b2 + 2. (B.20)
Next, we do an inversion centered at (1/2,0,0) which maps the integration domain to D’
which is the region between a sphere of radius kN centered at (—1/2,0,0) and a sphere
of radius 1/kN centered at (1/2,0,0) up to terms of order xkN. Under this inversion, the

integral simplifies to
B N) = = [ dadbaelS)”
2(’@ ) - 372 iy a c Ti .
We can then shift the outer sphere so that it is also centered at (—1/2,0,0) which only

changes the result at subleading order in kKA. Then the integral can be evaluated to be

(B.21)

6 1
L(k,N) = —l%log/@/\/' — I = —% (logfi—l— 4) . (B.22)
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B.3 For bulk OPE coefficient

In this appendix, we show how to calculate the bulk OPE coefficient Cé;q,;‘i)q). It can be
extracted from the bulk four-point function of ® in the absence of the defect in flat space.
As we saw in section 5.4, such a four-point function can be decomposed into singlet and
adjoint representations of U(N)

_ _ 5 J5 L
(®1(21)D7 (22)Pxc (23) DL (24)) = 0170k Gsing + (&%K - NK ) Gagj-  (B.23)

We expect the operator ®® to be present in the singlet sector. For simplicity, we place the
four operators on a line with |z12| = |z34] = 7, and |z13| = |z24| = r/p and look at it in the
limit © < 1 when we expect

1 5 _
Gsing = 1x, [C% +(C,0:"%) Cppne (1 + O(u))} . (B.24)

In the following, we fix the normalization of the operator such that Cgs = N C%. In the
free theory, we have Agp = d/2 —1,Az4 = d — 2. The result for Ag does not get corrected
to first order in interaction. In the free theory, the correlator is just

B B 5IJ(5 L02 H4A¢5 L5JK02
(@r(21)®7 (22) Pk (23) D (24))0 = 74412@ ® 4 T4A¢(1I_ M2)2Aq;' (B.25)

In the interacting theory, it gets corrected to

_ _ A Ci

(@1 (01) 7 (22) B (a3) B (a))1 = — 5 (07765 46776, / T, S—
2 T01%02%03%04 (B 26)
A2

L L¢ K /1’4 4
= —7 (5[‘]5[( +6r79; ) chq)Dl’l’l’l (U,U)

where we used the fact that this conformal integral can be performed in terms of well known
D functions (see for instance [57]). Conformal cross-ratios u,v can be defined by

2 .2 2 .2
_ T12%34 4, = Tiatay (1

=M - :u2)2' (B27)

2 2 2 2
L13L24 L13L24

This D function can be expanded into a power series around u = 0,v = 1 as [53, 58]

D _oy D a2 29)(1 1
1717171(U»U)—m;:0mu (1=2v)" (2¥(2+2m+n) —2¢(1+m+n)—logu)

(B.28)
The singlet sector correlator, to leading order in interaction, and to leading order in yu is

thus given by

o -2\ AN+ 1)t
Gsing = Tdibz <1 + 4 - ( )l;céDl,l,l,l(uv v)

N 2N (B.29)
CQ MZd—4 27T4(N + 1)6 /"’4 :
:er‘I:4 <1+ N )T NN+ T—40§>(—4logu+2).
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Using our convention that

r(s-1)
Co=—_ip (B.30)
we get
3
ANy =2— —
" N+ B.31
C_ _@@_1(1_ N+1 6) ( )
e TN 2(N +4) )
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