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below. The same formulas are reproduced using Rigid Holography.
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1 Introduction

A Quantum Field Theory (QFT) generically contains extended, non-local, operators sup-
ported on lower-dimensional manifolds. It is fair to say that these have been, at least
comparatively, much less studied than the very familiar local operators. Yet, they can
provide interesting new insights into QFT from their Renormalization Group (RG) flows
and from associated (generalized) symmetries. At present, defects and boundaries are be-
ing intensively studied from various points of view (see [1-10, 12-25] for a list of recent
developments).

An approach that has proven to be very useful in many instances is to search corners in
the coupling parameter space in which to perform a controlled perturbative approximation.
The semiclassical approximation itself is an example of this paradigm. Other examples



include the large N approximation or the study of large spin sectors. A novel method
introduced recently consists in the study of sectors of operators with large charge under
a global symmetry (see [26] for a review and references). The method used in this paper
is similar. This has been considered in [14, 18] to study different aspects of (flat) defects
in scalar field theories in d = 4 — € and d = 6 — ¢ dimensions, by assuming a scaling
limit of the couplings, where the defect couplings are large and the bulk couplings are
small. As a result, quantum effects in the bulk vanish, while the defect still induces non-
trivial quantum dynamics. In particular one can study the RG flow of the defect couplings
and find interesting phenomena such as fixed point creation/annihilation. The results
in [18] show, quite surprisingly, that the position of such fixed points is set by the one-
loop approximation up to an overall scale that solely depends on e. This separation of
the dimension and coupling dependence is in general unexpected and it has been dubbed
Dimensional Disentanglement (DD) in [18]. Additionally, the position of the fixed points
can be dialed by tuning the bulk couplings, which act as knobs that can be adjusted.

In this paper we set out to study in more depth these aspects for flat defects in scalar
field theories both in d = 4 — € dimensions (where the defect is a line of codimension
dp = 3 —¢€) and in d = 6 — € dimensions (where the defect is a surface of codimension
dr = 4 — €) . In particular, we extend the explicit two-loop computation of the defect [
functions in [18] to four loops. This supports a conjecture that DD is actually a universal
property holding for any theory in the double-scaling limit.

It was noticed in [18] that the two-loop 8 functions of the defect couplings are the
gradient of a function H, where exp(?#) matches the VEV of the circular defect. This
has been proposed to reflect monotonic properties of the defect RG flow in [9]. Similar
observations have been recently made in [24] for the 6d case, considering now a spherical
two-dimensional defect.

Starting with three loops, the  functions contain scheme-dependent corrections. In
the scheme of section 2 based on dimensional regularization, we find that the g-functions
are no longer a gradient beyond two loops. The freedom left by the choice of scheme
raises the question of whether there could be a scheme such that the g-functions are still
a gradient of a function (as conjectured in [18]). This question is answered positively in
section 3: an alternative calculation of the 5 function using the dressed Coulomb potential
gives B; = 2 ¢ 0;H up to four loop orders. We explicitly provide a formula for H for any 4d
or 6d scalar field theory with general marginal potentials.

Using our results for the S functions, we construct theories in which, for e = 0, both
bulk and defect couplings are at a fixed point. These models thus define defect Conformal
Field Theories (ACFT’s). Given a dCFT, a problem of interest is to see if the theory may
suffer from instabilities due to the presence of dangerously irrelevant operators.! Follow-
ing [21], we study these possible instabilities in our theories, finding that they are absent
provided that the potential is bounded from below. We also study a fermion-scalar theory

' A dangerously irrelevant operator is an operator that is naively irrelevant but approaches marginality
at certain critical values of the parameters of the theory. In a CFT they typically signal the presence of a
nearby fixed point and hint to instabilities.



with a Yukawa interaction in 4d, which perturbatively defines a dCFT, in search for such
instabilities, finding also that they are absent.

When e = 0, the double-scaling limit freezes the running of bulk couplings and the
bulk theory becomes conformally invariant. In appendix C we make use of this property to
engineer a setup suitable for holographic methods. As R? is conformal to HT 1 xS =1 the
theory can be directly put in H ! x S7=1 Then the boundary of the H ! is identified
with the defect. This is similar in spirit to rigid holography [27] (for further developments
along these lines, see e.g. [1, 2, 5-7, 10, 28, 29]). In our approach, we make use of this idea
to compute defect 8 functions, finding a precise agreement with the field theory results.

2 Defects in scalar field theories and dimensional disentanglement

We consider a general theory with N scalar fields in d = 4 — ¢, d = 6 — € dimensions.
Denoting the fields ®;, with ¢ = 1,--- , N, we consider the following action in Euclidean

S = /dd ( 24+ V (D )) (2.1)

where V' is a generic homogeneous polynomial in the ®;’s of strict degree n, with couplings

signature,

Ja- In d = 4 — € dimensions n = 4, while in d = 6 — € dimensions n = 3. That is, V is of
the form V = 3 §o®i®;j®1 P, with o = [i, 5,k l]ind =4 —¢, and V =}, §oPiP; Py,
with o = [i,7,k] in d = 6 — e.

We now consider a trivial defect which is a line in d = 4 — € dimensions and a surface in
d = 6 — € dimensions. Hence the dimension of the worldvolume is 1 in d = 4 — ¢ dimensions
and 2 in d = 6—e dimensions, while the dimension of the transverse space is dr = 3 in the 4d
theory and dp = 4 in the 6d theory. In both cases the defect admits a (slightly relevant for
€ # 0) deformation by the ®;’s. Thus, we are led to consider the defect theory with action

S= /dd ( )24+ V(®,) — hi<I>i5T), (2.2)

where dr denotes the Dirac delta function in the transverse space to the defect. We are

now interested in a particular scaling limit of both the defect and bulk couplings (bulk cou-

plings are collectively denoted by §o). Specifically, we are interested in a situation where

the defect couplings are very large and the bulk couplings are small, keeping g, h;' ~2 fixed.

In this limit, pure bulk loop corrections that do not involve h; couplings are suppressed,

while quantum effects get organized in powers of this effective finite coupling (gah?”).
To implement this limit, one can formally introduce new variables as follows:

hi=h2vi,  Ga=h"7 go, ®;=h3¢. (2.3)
This gives
1
S=3 S,  Ser= /dd < (0¢3)* + V() — v; i 5T> . (2.4)

Thus, we see that a semiclassical limit exists where A — 0 while v;, g, are fixed. In the
following we will take this limit and explore its consequences, specializing to flat defects.



2.1 Solving the saddle-point equation in perturbation theory

In the double-scaling limit introduced above, there is a semiclassical expansion for Seg.
The corresponding equations of motion are

P pi — Vi = —vior, (2.5)

where the subscript in V' means derivative with respect to ¢;.

We will solve these equations in perturbation theory in the bulk couplings, extending
a calculation done in [18] to higher orders. To that matter we write ¢; = ¢§0) + qSZ(-l) +
¢£2) + ¢7(;3) + ¢Z(-4) + gbl@ -++. The equation becomes

82¢§0)+82¢§1)+62¢§2)+62¢§3)+82¢§4)+82¢§5)+-~

—Vi—Vijgbg-l)—(Wj¢§2)+;‘/%jk¢§l)¢/(gl)>—(Wj¢§-3)+‘/éjk¢§1)¢g)+é‘/%jkz¢§-1)¢§:)¢l(l)>

~ (Vid Voo oD+ Vit o+ 5 ViVl o4 5 Vim0 o) ) =

=—v;07.
Here V' and its derivatives are evaluated at qbz(o). We can now solve order by order.
Order 0. The equation is

82@(-0) = —; O — gbz(o) =y /ddzl G(x — z1) or(z1) . (2.6)

It will turn out convenient to introduce the function

¢ = /ddzl G(z — 2z1) 6r(21) . (2.7)

Using that qb,go) = v; ¢, and the fact that V is a homogeneous degree n function, we have
the identity,

Virion (1) = Voo (1) 6" (2.8)
Order 1. At this order we have
o) =V, = ¢ = / 2 Gz — 21) Vi(z1). (2.9)
Therefore, using (2.8),
o) =Vili L= [ Gla - a) e (2.10)

where V.., refers now to Vj,..;. (v;). To lighten the notation, let us define:

A

Gr(z,y) = Gz —y)d(y)", (2.11)

so that
h:/ﬂmaHuﬁm (2.12)



Order 2. The equation is now

o = Vol = o= [dnca Ve, 1)
Hence
¢ =V Vi,  Iy= /ddzl A2 Gpa(@,21) Groi(21, 22) (2.14)
where we have used (2.8) to write the result in terms of V;,..;,, = Vi, ...i,., (Vi)
Order 3. The equation is
o = (Vo + 5 Vi ol o1 ). (2.15)
Therefore
e / %2 Gz — 2) (wj¢§2> + % Vi 0" qﬁ,E})) : (2.16)
and
o = ViV Ve = S Vi VI (217)
Note that, once again, we have used (2.8) to write the result in terms of V;,...;,. = V;,...i.. (v4).
In addition
Iél) = /dd21 d%2 d%zg G’n_g(ac,zl) Gn_Q(Zl,ZQ) Gn_l(ZQ,Zg),
I§2) = /dd21 d%2 dzg @n_g(x,zl) G'n_l(zl,zQ) Gn_l(zl,zg) .
Order 4. The equation is
ol = (Vij ¢ + Vi ot o) + % Vi 08 o} gbl(l)) . (2.18)
Hence

1 1
O = Vi ViV LI 45 Vi Via Vi VL Vi Vi Va6 Vi V; Vi Ve

74
where Vi, ..,

4 > (219)
= ‘/il“‘im (VZ) and

Iil) = /ddzl ddZQ dd23 ddz4 Gn_g(x, 21) én_g(zl, 29) én_z(ZQ, 23) én_1(23, 24) ,
If) = /ddzl d%2o d%zs d%zy én_2($,21) Gn_g(zl,zg) G’n_l(zg,z;;) @n_1(22,24),
If) = /ddzl d%2 d%25 d%z4 @n_g(x,zl) Gn_l(zl,zz) Gn_g(zl,zg) Gn_1(23,24),
If) = /ddzl d%%y d%zs d?zy @n_4(x,zl) é’n_l(zl,zz) én_l(zl,z;;) én_1(21,2’4).
We recall that n = 3 in the 6d theory and n = 4 in the 4d theory. The integral I f)

appears only in the 4d theory, since V;;; vanishes in 6d. In fact, in the n = 3 case all Vj;j,
appearing from order 5 on will vanish, simplifying the expressions of qbl(m).



Putting everything together, we can write

ddTﬁT eiﬁT-fT B
=~ | Gy G ? 220
with
- 1
b= it VL =V Vi + (Vo Vi iTl + 5 ViV ) (2.21)

1 1
(Vi ViV M2 + 5 Vi Vi M + Vi Vi Va2 4+ Vi VWi 2.

The integrals are computed in appendix A. Focusing in the d = 4 — € case, we finally obtain

Bi = vt VB 5T PO Vi Vi By By 57000 2.2
1—5e . -
+ (V;j ‘/]k Vk + 1—736 ‘/ijk V} Vk:) Fy F4—dT F7—2dT |pT|2(3dT 9
1 — 5e 3(1—"Te)
= (Vi ViVia Vi Vi Vi Ve Vig g+ Vi Vs Vi 25—
(1-56) (1

+ Vi V; Vi Vi

— Te ) .
(1- 36)2 ) ) Fi Fy—ap Fr24p Fro-3dr |pT|2(4dT 12) :

where the coefficients are defined in appendix A.

2.2 Renormalization and 8 functions

For the sake of clarity, in the following we will first describe the case of d = 4 — e dimensions
in detail. Expanding the ¢; in dr = 3 — €, one finds

¢i = Co (1+ C1 log |5 | + C2 (log [57])* + -+ ). (2.23)

The C;’s are divergent as ¢ — 0. These divergences can be renormalized introducing a
renormalized coupling u; by demanding that Cj is finite. Restoring the powers of the scale,
one finds

v; = ;ﬁ (ul +aMV; + o Vij Vi + ozg?’) ViikViVi + a§3) Vii Vit Vie (2.24)
+af Vij ViVia Vi + a8 Vig Vi Vi Vi + o Vigs V; Vi + o Vi V; Vi V1)

where the r.h.s. is evaluated at u;, and

0 02 Q2
(1) _ °¢ (2) _ 2 8
@ € @ 2¢2 €
0 03 Q3 03 03 803
G2 2 Y L (2.25)
6e3  3e2 3¢ 6e3 €2 3e
@ QY ot 190 100! @ ot ot 50t of
ay = - ay = LS +
24e4  2e3 6e2 € 24e4  4€3 7 12¢2  12¢
ORI U U Ul 8Lty N U U L U
378t 363 1 2 6e 47T 24t 1263 122 12¢

Here, as in [18], §2 L

= 3252



Demanding that the bare coupling is independent on the renormalization scale (and
using that the 8 function for the bulk couplings is 84, = —€g,) we find the § functions for
the defect couplings:

€
Bi = —5ui + BOVi+ BV Vj + B Vi Vivie + 857 Vig Via Vi (2.26)

+81) Vig ViV Vi + 85 Vig Vi Ve Vi + 85 Vige Vi ViV + 85 Vigua V; Vi Vi,

with
30 — 20, B2 — _402 B = 203 AP = 1603,
204 4404 204
it =-s00t, gV =T, gl BY=-T @)

A similar calculation in d = 6 — € dimensions gives § functions with the same structure
as in (2.26). To three-loop order, the coefficients are now given by

1 1 1
52 =g, g =30 (2.28)

where, for the 6d theory, we define Q2 = #.
The coefficients f(1) and 8 in (2.27) and (2.28) reproduce the two-loop terms pre-
viously computed in [18], and also agree with the earlier calculations in [11, 12] once the

double-scaling limit is taken (cf. eq. (19) in [11] and eq. (3.17) in [12]).

B =, B2 = —

2.3 Fixed points and dimensional disentanglement

Let us consider the four-loop § functions (2.26). One can check that all solutions of 3; =0
are of the form

wr = F7% (g) 1/ fle) (2.29)
that is, the e-dependence factorizes, with
39 33 114
= = - — cee 2.
f(e) et g€ +86 +166 + (2.30)

Fione_lo‘)p(ga) completely determined by the one-loop B; = 0 equation, eu; = 4QV;.

and
This suggests that the location of the fixed points of the defect theory to all orders is
determined by the vanishing of the one-loop  function up to a universal overall function f
which entirely encodes the e dependence (and hence the dimension), a phenomenon which
was dubbed dimensional disentanglement (DD) in [18]. The E-One*lOOp(ga) is given in terms
of ratios of bulk couplings. These ratios are RG invariants, since all couplings g, have the
same classical flow, f,, = —€ga.

The four-loop check extends the conjecture of [18] to the general class (2.2) of scalar
field models with defects. Surprisingly, we find that the function f(e) is universal: it is the
same function for any 4d scalar field theory of the type (2.2). Although we have focused on
the four-dimensional models, DD in the fixed points also occurs in 6d scalar field models
with defect of the form (2.2), a property which, as shown below, only holds in the double-
scaling limit. In the 6d case, the function f(e) is different, and one finds an expansion of

the form feq(e) = €2 (1 4+e+---).



To understand the origin of DD, it is useful to derive the solutions of 8; = 0 in detail.
Let us write
i 2
u; = €2 (ai+bie+c,~e +) (2.31)

Then

3 5
= <_622‘”+B(1)V"> " <_€22bi+f6(1)‘/ia‘bj€§+ﬁ(2"/ijvj> *
z (1)
+|:— %Ci + ﬁ(l)‘/%j Cj Eg + 57 V;‘jk bj by, e
(B Vi Vi + B2 Vi Vi) bes + B9 Vi Vil + 58 v,]vjkvk]

Here everything is assumed to be evaluated at a; ¢2. The vanishing of the § functions im-
plies a cancellation order by order. A crucial property in the derivation is the homogeneity
of V', which implies the general relation

wiVi.ipg = (0 —D0)Viy i, - (2.32)

From the leading term, we find
—a; =WV, (2.33)

Using this and the homogeneity of V', the second term gives the relation

5

3
0:——b + B Viibse + 22 g

250

This can be easily solved by choosing b; = m a; for some m, since, by virtue of the homo-

Vie (2.34)

geneity of V|

€5 W, B?
O:—2mai+3<mﬁ +23(1)> Vie. (2.35)
Using again the leading order equation, we obtain
m 3 B2
_ 2.
0=-3+5%m < B *o5m ) (2.36)

This yields m = 3, in agreement with the expansion of (2.30). As for the last term, let us

4 Y
also assume ¢; = ka;. Then

7

2 5 (1)

€
g + 5(1)%]- Kaj €2 + N Vijk m2aj ay, €

+(B® Vi Vj + B2 Vig Vi) mage? + B Vi ViV + B8 VigVia Vi = 0. (2.37)

Using the homogeneity of V'

7
€2

—?/{az—i-Sﬁ(l (f@—i-m)e +5 .3 V;]Vme—i—ﬁl ijVVk—i—ﬂQ VijVitVik = 0. (2.38)



Figure 1. Leading bulk loop diagrams contributing to the 8 functions in 4d. Black circles are g
vertices while squares represent the v coupling to the defect.

Using the leading order equation and the homogeneity of V' we find

k3 o 1552 689 + 989
Solving for k we get kK = —3%, once again in agreement with the expansion of (2.30).

Even though we have so far explicitly shown dimensional disentanglement up to four
loops in general theories, it is clear that the strategy extends to arbitrary orders. To further
understand DD it is enlightening to study when it fails to hold, as happens upon including
bulk loops. Focusing for definiteness on d = 4 — €, where V is quartic, these enter to order
O(V?), with the diagrams in figure 1.

The first diagram contributes to the anomalous dimension of ¢. The second diagram
would produce a term in the § function of the form

5B = 08 Viju Vi . (2.40)
Thus, to this order the full § functions would be
Bi = ——u; + BOV; + OV, Vi + 68D Vi Vs (2.41)
T = 9 i i ij Vj igk Vik - .

We already see a crucial difference: while in the large charge limit, the S function to order
O(V*) contains a total of 2k — 1 derivatives, the corrections (coming from bulk loops)
contain, to order O(Vk), more derivatives. For instance, the leading correction to order
O(VF*) contains 2k + 1 derivatives. To see the implications of this, let us proceed as before
and assume

wi= €2 (a;+bie+...). (2.42)

Then

3

€2

fi=-

S ai— 5 b+ BOVi4 BV b3+ 8DV V4680 ViV, (243)

where again everything is evaluated at aie%. Grouping terms with the same dependence of
€ we see that
3 5

8= (= G ot AUV 80 Vi) + (= S BV byt 5OV ;). 240



We now find the leading equation

N

€
The crucial difference is that now there is an extra term with higher powers of the bulk
coupling constant. We can solve this equation in perturbation theory, finding
a; = al +2¢ 2 68D VEVE,, (2.46)
3
where a is the solution to < a; = UV and Vidk = Vijr(ug), with uf = = ae?.
Thus we see that upon including loop corrections, the fixed points will be of the form

o
uf =ai ey fire", (2.47)
k=0

where the {f; 1} are non-trivial functions of the bulk couplings. They are of the form
fik = exFi(ga)[1+ O(ga™)] - (2.48)

In the double-scaling limit, 1 + O(gk*!) — 1 and the function Fj(g,) factorizes, with
Fi(ga) = Fl-oneflo()p (ga), giving rise to dimensional disentanglement.

Summarizing, dimensional disentanglement is tied to the fact that, in the double scal-
ing limit, to any given order in the bulk couplings only terms with the same number of
derivatives of the potential with respect to the fields appear. This is no longer true in the
full quantum theory once bulk loops are included. DD arises also thanks to the homogene-
ity of the potential (it is a degree n polynomial in the fields, linear in bulk couplings, with
n =4 in 4d and n = 3 in 6d).

In [18] it was shown that, up to two-loop order, the /5 functions can be obtained as
a gradient from a function #, that is, 5; = 29;H. Although the four-loop S functions
in (2.26) are not the gradient of any function, nevertheless dimensional disentanglement
still holds, due to the structure of the corrections described above. Beyond two loops, the
B-functions have a scheme-dependence and, as discussed below in section 3.1, it is possible
to choose a scheme where they are still given as a gradient function.

2.4 Some physical implications of DD

DD implies that fixed points have the form (2.29). The main physical consequence is that
the positions of fixed points in the defect coupling space do not depend on ¢ modulo an
overall scale given by f(e). In other words their relative position is independent of the
dimension.

The RG flow, however, can have a dependence on the dimension, despite the fact that
fixed points do not move when € is varied, except for an overall scale. The way this happens
can be illustrated by the twins model discussed in [18]. It is defined by the action (d = 4—¢)

S = /dd ( 6(]51 %(0@52)2 + V(gbl, ¢2) — Vi ¢ 5T(f)) , =12, (2.49)

~10 -



with
1 1 1
V(é1,2) = 70161 + 19203 + 5036165 (2.50)
The f functions for the defect couplings can be read from (2.26). To quadratic order in
the couplings, they are given by [18§]

€
/Bm = U1<— §+2 Q(glu%—l—ggug)
— 402 [39% ui1 +293(291 + g3) u% u% + g3(292 + g3) u%]) , (2.51)
€
Buy, = uz(— B +2 Q(gau3 + g3 ui)
— 497 [3g5 uj + 293(292 + g3) ui u3 + g3(2g1 + g3) Uﬂ) : (2.52)
Defining
r1=Qqui, z2=Qgu3; c=5 =%, (2.53)
g1 92

one finds that fixed points (z7, z%) are located at

Gha: @ @0, b (05)50 ¥ (5.0)50. (254

1—n 1-¢ _ O §62
Z (4(1—Cn)’4(1_gn))f(e), fly=etge+ . (2.55)

In [18], IR stability was studied only to linear order in e. To understand to what extent

quantitative and qualitative features of the RG flow can depend on ¢, it is important

2

to extend the stability analysis to order ¢°. Consider the RG time variable ¢ = — log .

Perturbing around the fixed points we find the following eigenvalues (A1, A2) of the Hessian:

()i ) (55) b (cersdda-n(1-gen)), (2.56)

V') % <—e + geQ, e(1— <)<1 - ;eg» , (2.57)
¢) ;(_EW (1—;3_2§:§Z+C”> : —e+262) . (2.58)

IR stability of a given fixed point requires that both eigenvalues are negative.

We see that the € dependence does not factorize. Stability properties change by varying
e at fixed couplings (¢,n). For example, taking n > 1, the b) fixed point is stable for
sufficiently small €, but it becomes unstable when ¢ > 2/7. This implies a drastic change in
the RG flow, despite the fact that the relative positions of fixed points remain unchanged:
an attractive fixed point becomes repulsive as € is increased above a critical value (while
keeping € < 1).

In conclusion, in the double-scaling limit, on one hand, fixed points satisfy the DD prop-
erty, which allows one to determine them exactly (modulo the overall numerical constant
f(€)) by a one-loop calculation. On the other hand, 5 functions still describe extremely rich
RG flows exhibiting phenomena such as fixed point creation/annihilation and non-trivial
dynamics as € is varied.

- 11 -



3 Alternative calculation of B-functions

In this section — in which we will set ¢ = 0, that is, we shall compute the S-functions of
the defect couplings for d = 4,6 (this means that in our convention dy = 3,4 respectively)
— we will show that the § functions can be computed in an elegant way from corrections
to the Coulomb potential. In the appendix C a similar calculation of the S functions will
be given using rigid holography.

3.1 3 function for the defect couplings

Let us start with the action (2.4). Recall that V is a homogeneous polynomial of the fields
¢; of degree n = 4 in the d = 4 theory, and n = 3 in the d = 6 theory.
We shall use spherical coordinates, and place the defect at r = 0. Explicitly

ds? = diff + diy = dZ} + dr? + 17 dY ;. (3.1)

For our purposes, it is sufficient to consider spherical symmetric solutions, where ¢;
only depends on r. Under this assumption, the equation of motion reads

O (rir=19,¢;) — TV = v, (3.2)
where V; = 37‘;. Writing
b = g (3:3)
the equation of motion away from the source becomes
0, (1~ B,:) — —— Vi = 0, (3.4)
rdr

where V; is now evaluated at u;. We can solve this equation in perturbation theory by
setting

wi=si+ V) + 120+, (3.5)
where f*) is of order ¢g* and s; is a constant. Up to order 3
o, (Tg_dTarfi(l)) + 0, (TS—dT arfl(2)) + 0, (T3_dT8rfi(3))

1 1 2) , 1 1) (1
o VeV 1+ Vs + VsV | =0,

where V' and its derivatives are now evaluated at s;. It is straightforward to solve this
equation order by order, finding

m__ Vi @ _ ViV 3 2
;= p— logr, 7= 2 (dr — 2 (2logr + (dp — 2) (log7)?) ,
& = _6(d]Ti]—k2§5 ((dT —2)%(logr)® + 6(dy — 2)(log )2 + 121og r) (3.6)
ar dﬂT’“ - 2’35 ((dr = 2)*(logr)® + 3(dr — 2)(log ) + Glog ) .
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The constants s; can be determined from the ér source term on the right hand side of
the equations of motion (3.2). They are given by

d=4 _ Vi d=6 _ Vi
Si T g Si T qg2 (3.7)

The charges u; can be viewed as a “running” version of v;. To third order
20 Vs logr + 7292‘%%
dp — 2 (dp —2)3
4%V Vir Vi
3(dr —2)5
A3V, Vi Vi
3(dr —2)°

ui(r) = v; — (2logr + (dr — 2) (logr)?) —

((dT —2)2(log ) + 6(dr — 2)(logr)? + 121og r) - (3.8)

((dT —2)%(logr)3 + 3(dr — 2)(logr)? + 61log r) ,

where now it is understood that V and its derivatives are evaluated at s;. The numerical

constant € was introduced in section 2.2 (2 = ﬁ ind=4; Q= 8% ind=06).

Inverting this formula, we get

2QV; 202V V;
=+ 1 _ 22 TY I (9] _ — 9 (1 2
e JrdT—z o8 (dT_2)3( ogr — (dr —2) (log 7))+
493V, Vi Vi, 9 3 )
+ m ((dT —2)*(logr)® — 6(dp — 2)(logr)* + 121og 7“) — (3.9)
4(23\/;jkvij 9 3 )
3(dp —2)° ((dT —2)*(logr)? — 3(dr — 2)(logr)” + 6log r) :

1

with V' and its derivatives being evaluated at s;. Interpreting r—" as the RG scale, we can

compute the 8 function for w;

8ui

fi = “dlogr’

(3.10)
by imposing the scale-independence (r-independence) of the “bare coupling” v;. We obtain
Bi=2cQV; — 4 Q*V;;Vy + 8¢ Q3 (VijVy Vi + 2 Vi Vie Vi) (3.11)

with ¢ = 1/(dr —2) (hence c=1ind=4 and ¢ =1/2 in d = 6). Up to second order, this
formula exactly matches the quantum field theory results given in (2.26), (2.27), (2.28), for
the 4d and 6d theories. As we will shortly review, this is to be expected, since only the
one-loop and two-loop terms of the § function are expected to be scheme-independent.

Using this same method it is straightforward — albeit tedious — to go to higher loops.
The four loop contribution is derived in appendix B. Remarkably, the g function is a
gradient flow in the defect coupling space,

Bi=2cOM, (3.12)
where
H=QV 220 V?+4 QP VR ViV — 88 Q* Vi ViV Vi — 205 Q* ViVi; Vi Vi . (3.13)

This supports the conjecture made in [18], albeit in a particular scheme which coincides
with the one implicitly chosen by this alternative method.
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3.2 Changing scheme

From 3-loops on, the coefficients in the § function obtained through the previous method
fail to match the corresponding coefficients in the field-theoretic result in (2.26). For
example, in the four-dimensional theory, in (2.27) and (2.28), 513) —2c*03 whereas
n (3.11), (3) = 16c°Q3. We note that the coefficient ﬁé ) is the same in both calculations.
It is Well known that 8 functions are scheme-dependent beyond two loops. To under-
stand the origin of the discrepancy in more detail, let us study the effect of changing the
scheme. To do this, we redefine our u; couplings in terms of new couplings @;. A natural

ansatz is
ui:ﬁi+a117i+a2‘7ij17j, (3.14)

where V means V evaluated on the ~R’s Then
Bu; = (5ji +on Vij +ag (Vi Vi + Vikvkj))ﬂaj . (3.15)

Inverting this matrix. we get

Ba; = ( —aq Vi — (2 Vi Vi + (a2 — o) szkl)> Bu; - (3.16)
In turn
Buy =2cQVi+ (2ca1 Q-4 Q) V,V; (3.17)
+(2ca29—403 a1 Q®+16° Q%) VY, Vk—i—(Sc 03— 4 a10?) ﬁjk%Vk,
Therefore
Ba, = 2¢QV; — 43 ViV + B9 Vi ViV + 85 i, Vik Vi (3.18)
with
B =850 — 4c* 020 — 2cQ0s, B = 16503 . (3.19)

Thus we see that the coefficient ,6’;3) where we find a disagreement between (2.26) and (3.11)
is precisely that altered by redefinition of couplings.

4 Instabilities in defect field theories

In the previous sections we have computed the 5 functions for the defect couplings assuming
a double-scaling limit. In particular, the effect of such limit is to freeze the running of the
bulk couplings, in such a way that the bulk theory is effectively a CFT if we set ¢ = 0
(so that the classical running is also frozen). Thus, armed with our previous results, we
will now study cases where also the defect 5 functions vanish, so that we have a defect
CFT (dCFT). It is of interest to investigate if these potential dCFT’s may have further
instabilities triggered by condensates of marginal or relevant operators, just as it happens
in the scalar QED example of [21] (see also appendix C.2), where the dCFT ceases to exist
beyond certain critical values of the couplings.

To make this concrete, let us consider a model with two fields p and gg, being gi_; an
O(N) vector. We choose the potential to be of the form p" 2 @2, with n =4 in d = 4 and
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n =3 in d = 6. Introducing now a defect to which in general both p and ¢’ couple, the S-
functions of the defect couplings can be computed from (2.26). Denoting the corresponding
renormalized defect couplings by u, and ug in the obvious way, it is straightforward to
check that the model has a fixed point at uy = 0 for arbitrary up.2 The action is given by
(we denote the only bare defect coupling simply by 1)

Set = /ddzv (;(35)2 - %(8/))2 +gp" G - V,05T) , (4.1)

which describes, in principle, a dCFT. We wish to study whether, similarly to the QED
case in [21], there are other instabilities triggered by relevant operators.

4.1 One-loop considerations in field theory

In this subsection we shall analyze the stability of the fixed points in perturbation theory.
Let us first consider the theory in the absence of the defect (the bulk theory). Prior to the
scaling limit in (2.3) the § coupling has a 3 function which reads 83 =09%+--- (a =2 in
d =4, a=3ind=6). Then, upon taking the limit (2.3)

B, =S " Dpgo ... (4.2)

Therefore, in the limit & — 0 with fixed g, 3, vanishes and hence the bulk theory is classical
(and conformal). Note in particular that all bulk loops vanish: a diagram with L bulk loops
(and no interaction with the defect) is proportional to gt = hs Ln=2) g%, which vanishes
in this limit.

Let us now turn to the defect. One way to search for instabilities is to look for
marginal /relevant operators in the defect. Such information is encoded in the correla-
tion functions of the defect operators. Denoting generically the fields by ®;, one would
generically be interested in (®r, (x1) --- ®r, (x,)), whose path-integral representation is

1 _
(@1, (@1) -+ @1 (2) = [ DBy (1) D )5 (43)
However, in the double-scaling limit this integral simplifies to

(@r(x1) - P () = (Pry (21)) - (Pr, (1)) (4.4)

where (®7(x)) is the field evaluated in the semiclassical solution obtained in section 2, which
can be identified with the one-point function of ®;. Thus, in this limit, the correlator is
completely dominated by the disconnected piece.? The disconnected piece is non-vanishing
due to defect interactions.

The one-point function in the presence of the defect is given in eq. (4.3) in [18]. This

can be cast as
ST ST

ddTﬁT i’ T 1
<(I>I> - / (27T)dT (ﬁT)2(dTT—@) ~ ‘fT‘A(q)I) y (45)

2Note that the d = 4 model is a particular case of the twins model (2.49) with g1 = g» = 0, with the 3’s
given in (2.52).

3An analogous effect occurs in the large N limit of CFT’s, where correlation functions are dominated
by the disconnected term, due to large N factorization.
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with

+ QCQV[ _ 40392V[JVJ

A(®))=dpr—2 4.6
(@) =dr o o (4.6)
Using this formula for the ¢; fields in the models at hand, we obtain
2
4d: Ald)| =14Q-Q*+..., Q=2
4d 8T
P p2 o (4.7)
: A =24+———+..., P=".
6d (¢4) 6d + 2 8 + 272

From (4.4), it also follows that A(¢, ... @) = r A(¢;). Provided @, P > 0, the ¢;’s and
all operators made with ¢; are irrelevant in perturbation theory, since A(¢;) > dr —2. On
the other hand, applying the formula (4.6), one gets A(p) = dr — 2, so the p deformation
is marginal. We shall discuss more aspects of stability in the next subsection.

4.2 Exact dimensions and instabilities

The analysis above is just the statement that the theory indeed perturbatively defines a
dCFT. However, one may fear that this is a statement only holding in perturbation theory.
Indeed, in view of the dimensions above, one may worry that for large enough @), P one may
find operators going towards marginality. Let us first consider the four-dimensional case.
We note that @ > 0 for g > 0, that is, when the potential is positive. Thus, A(gz?) > 1 and,
in perturbation theory, the theory is stable provided the potential is bounded from below.
As a consequence, in this regime we indeed have a dCF'T as anticipated, recovering exactly
the same conclusions as those drawn originally from the fixed points of the § functions.
However, a question of interest is what happens for finite values of @Q; in particular, whether
instabilities as those appearing in scalar QED can appear in field theories containing only
scalar fields. An exact formula for finite ) in the double scaling limit can be obtained
by solving saddle-point equations, which effectively resums the perturbative series. For
the model we are studying, the equations of motion are (we now assume “mostly minus”
Minkowski signature)

?p+2gp° =0, Pp+2gpd®+vér=0. (4.8)

Here we have used the O(NN) symmetry to align the gi_; along some direction. These equations
are solved by ¢ = 0 and

pa) =v [ d'yGlo—y)or(y). (4.9)

Computing the integral one finds

5 = - , dr =3. 4.10
(QW)dT (PT)2 47rdTT |$T|dT_2 T ( )

/ dirpp ¢TI yT(F-1) 1
p=v

Let us now consider time-independent fluctuations around the background. In polar
coordinates as above, the eom for the ¢ fluctuation is

1 1
L0 (0,0) + 5 Aad— 2 6=, (4.11)
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where () is precisely the same @) as introduced above. The general solution is given by

¢=> Rim(r)Yim . (4.12)
Im
where Y}, are the spherical harmonics on the S?, while
o 1 ~ 1
Bum(1) = Gy~ + G5 (13)
T_Tl+1 T_TZ"H
with
1
Af:1i2\/4+l(l+1)+Q. (4.14)

Note that time-dependent fluctuations have the same behavior in the vicinity of r = 0.
This is seen by adding a factor e’ in the ansatz for ¢. In (4.11) this gives rise to a new
term E2¢, which can be neglected in the vicinity of r = 0.

The two sets of solutions with coefficients qgfm and qzl;n in principle define two different
dCFT’s, according to the choice of boundary conditions. Setting qgfm = 0 leaves a set of
defect operators <Z~>ltn whose dimension can be read from (4.13) using the fact that r has
dimension -1 and the bulk field ¢ (hence Ry,,) has dimension 1 in 4d (recall that there is
no bulk anomalous dimension as bulk loops are suppressed). This gives A(qgltn) = 1A/ or,
for the alternative boundary condition, A(d;, ) = 1A; .

For g > 0, corresponding to a potential bounded from below, () > 0. It then follows
that, since A(¢;,.) < 0, the alternative boundary conditions are not allowed.

Consider now A(¢; ). Tt follows that A((¢;} )?) = A;”. Expanding at small Q, we
verify that the first corrections in @ for AZJ;O matches the perturbative formula (4.7).

The formula for A" also shows that A(qz;lfn) > 1, which implies that {és;n} correspond
to irrelevant operators. General possible deformations are composites of the schematic
form 9L¢¥, where 0% represents the action of [ derivatives with respect to the transverse
coordinates. They are all irrelevant operators. Therefore in this theory there are no
instabilities at any finite () and the model indeed describes a dCFT.

Instabilities appear for the theory with ¢ < 0, which corresponds to an unbounded
potential. In this case, Q < 0 and already ¢~)l+:0 — corresponding to ¢ itself — becomes
relevant (of dimension A = (1 + /I —[Q[) < 1), and must be added to the defect.
However, here we will not consider theories with unbounded potentials.

Let us now comment on the 6d theory. With no loss of generality, we may assume
g > 0, since the sign of g can be flipped by a redefinition p — —p, v — —v. In this case the
potential is unbounded in the negative p direction. A similar calculation as above, leads
to a background for p given by (4.10) with dr = 4. Then, one finds the following formula
for the dimension of operators éf';n(xH) on the defect,

L1
AG) =34, Af=2x21+0++P, P=T5. (4.15)

The expansion at small P of the branch with + sign reproduces the perturbative result
in (4.7). We note that P > 0 if and only if gv > 0. This is precisely the case where the
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term of the potential gp|¢|? is positive in the background provided by p, for either sign of
v. In this case there is a dCFT defined by choosing the boundary condition (;Nbl_m(mu) =0.
As before, the {gzglfn(xu)} correspond to operators of the schematic form 954", which are
all irrelevant.

4.3 A glimpse into fermion models

We now consider the possibility of constructing dCFT’s involving scalar and fermion fields
using the double-scaling limit (see [19, 20] for other interesting studies of fermion dCFT’s
and boundary CFT’s). This is feasible in four dimensions, where the Yukawa interaction
is classically marginal.

Let us consider a Dirac fermion coupled to a real scalar field with a Yukawa interaction,
with the action (using ‘mostly minus’ Minkowski signature)

S = [ dtx (1000 + 5 (@0 ~ gp 0+ horp). (4.16)

In this model the trivial line defect along x° is deformed by a classically marginal defor-
mation provided by the scalar itself.

The double-scaling limit corresponds to consider the case of a large defect coupling h
and small bulk coupling §; specifically, § — 0 and h — oo with hg fixed. This is formally
implemented by the scaling

h=htv, Gg=nhg. (4.17)

Upon appropriately rescaling the fields, the action becomes
_ 1 _
s=nt [t (1000 + 500 ~ g+ vérp), (4.18)

In the A — 0 limit with g and v fixed, bulk loops are suppressed and quantum effects arise
due to the interaction with the defect in terms of the effective coupling gv.

Let us first consider the bulk theory by itself, i.e. let us momentarily set v = 0. Prior to
the scaling limit, the 3 function for the § coupling is 35 = b G*+- . Therefore B, = h*bg>+
.-+ — 0 and there is no RG flow in the bulk, as expected since bulk loops are suppressed.
The bulk theory is a CFT. We now turn to the defect. In the absence of bulk loops, no
diagram can correct the p one-point function.* As a result, v does not run and the theory
seems to be indeed a dCFT. This is basically a consequence of the fact that the theory
contains, at least in perturbation theory, no other operator close to marginality on the line.

Besides the p operator, the lowest scalar operator that the theory contains is ).
Classically this has dimension 3, and therefore it is safely irrelevant in perturbation theory.
However, it is important to understand whether for large values of the couplings this
operator can hit marginality and eventually become a relevant operator of dimension less
than 1. To study the problem, we proceed as before. Like in the previous scalar model,
the defect induces a background for p given by
v 1
= E .

p (4.19)

4Note that had we turned on a quartic bulk potential for p this would not be the case anymore, and the
defect coupling would run just.
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It remains to study the fermion fluctuations in this background. Using the Dirac represen-
tation for the v matrices, the equation of motion for the fermion fluctuations decomposes
into two equations for the Weyl spinor components x and &

. gv 1 . gv 1
wlﬁg—ﬂﬁxzo, ic* iX+E m&zO. (4.20)

We are assuming time-independent fluctuations (time dependence can be incorporated by
a factor e’ which leads to a subleading dependence near r = 0 and it is thus unimportant
for the determination of the dimension).

Solving for £ in the second equation and substituting it in the first equation, we find

| Q v\ 2
32 F g
o0°x + —|f’2a]0’ xj Oix — —WQX =0, Qr= (47r> . (4.21)

The solution to this is )
szXO, a=1+V1+Qr, (4.22)

being xo a constant spinor. Now, given that the dimension of a bulk fermion is 3/2, we
can write

A(¢0)22_A:%:F\/1+QF (4.23)

In order to avoid negative dimensions, we must impose boundary conditions that keep the
branch with the ‘+’ sign. Therefore

Ay ) = % +V1+Qr (4.24)

In the free-field limit, A(¢g) — 3/2, as expected. It then follows that the dimension of 1)
is 2A(¥d ). Since Qp > 0 (at least for unitary theories), Y1) is an irrelevant operator in the
whole region Qr € (0, 00) allowed by unitarity. This supports the fact that the line defect
in the double-scaling limit indeed defines a dCFT. Finally, as a curiosity, let us comment
that had we considered the case of a parity breaking theory with a potential igpyy®y we
would have obtained exactly the same results.

5 Conclusions

In this paper we have considered generic — that is, with an arbitrary number of scalar
fields and an arbitrary marginal potential — d dimensional scalar field theories with defect
deformations, in d =4 — € and d = 6 — € as well as a scalar-fermion theory with a Yukawa
interaction in d = 4. All calculations are performed in a double-scaling limit (2.3), where
the defect couplings go to infinity and the bulk couplings go to 0.

We summarize the main results of this paper.

e [ functions for the defect couplings have been computed up to four loops using
dimensional regularization and standard perturbation theory of the QFT.
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e The fixed points exhibit the property of dimensional disentanglement, namely the de-
pendence on the dimension appears through a universal function, which is factorized
from the coupling dependence. The universal function is the same for all fixed points,
and for all models, independent of the number of scalar fields and independent of the
potential. We showed that the DD property is a peculiar feature of the double-scaling
limit and that it is not expected to hold once the full quantum effects are taken into
account.

e DD implies that, modulo an overall scale, the location of fixed points remains unal-
tered as the dimension is varied. However, the RG flow depends on the dimension
in a non-trivial way. In particular, an IR stable fixed point can become unstable by
varying e while keeping € < 1.

e In section 3 we provide an alternative calculation of the defect [ functions from
the dressed Coulomb potential. In this scheme, (at least up to four loops) the [
functions are a gradient, §; = 2 ¢ 0;H, where 0; stands for derivatives with respect to
the couplings v; of the defect deformations v;¢;.

e We have considered a few concrete examples of dACFT’s and computed the dimension
of operators that could lead to instabilities. The first examples are 4d and 6d scalar
field models obtained by sitting on particular fixed points. In all cases we showed
that all potentially dangerous operators are irrelevant even for finite values of the
coupling, therefore the dCFT’s are stable. The results also show that instabilities
may appear if one considers potentials that are unbounded from below, beyond some
critical coupling.

« In addition, we computed the dimension of the bilinear fermion operator i) in
fermion-scalar theory with Yukawa interactions, showing that it is always irrelevant
(for a real Yukawa coupling, where the theory is unitary).

e In the appendix C we provide a practical framework for rigid holography, by which
one can compute S functions to all loop orders. The approach is essentially equivalent
to the field theory calculation of section 3, being related through the conformal map.
The double scaling limit leads to effects that are analogous to the effects produced
by the large N limit in standard holography: it suppresses bulk loops and makes the
correlation functions dominated by the disconnected term.

o Using as an example the scalar QED model studied in [21], we also show that rigid
holography can be used to compute the dimension of ¢.

There remain many open questions and many interesting aspects of defect theories,
which are worth of further investigation. In particular, it would be interesting to establish
if exp(#) is related to the VEV of the circular defect (in the 4d theory) or to the VEV
of the spherical defect (in the 6d theory) to any order in the loop expansion. Another
interesting problem is extending the application of rigid holography to theories on spaces
HPF! x S¥P~1 and codimension p defects for other values of p. Other very interesting
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problems include understanding if dimensional disentanglement also arises in theories with
fermions or vector fields, or the role of unbroken global symmetries and conformal manifolds
along the lines of [15].
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A The integrals

In this appendix we collect technical details of the evaluation of the integrals, borrowing
results from [32]. First, we compile formulas for several integrals that appear repeatedly.
Consider the following integral

dT ky AT ke, 1
Fone0") = [ / . (A1
Y (2m)dr - 2m)dr (T — k] — k)2 (k)2 (k)%
Explicit evaluation gives the formula

mir

Fx,%z(ﬁT) = Fx7yvz (ﬁT)2(dT7m7yiz) ’ Fx7y7z - W

G(z,z)G (y,:c—i—z— dQT) ; (A.2)

being

I'(n )Fzm)F(dT—n—m)

I‘(n—{—m—d—T)I‘(dTT—n)F(d—T—m)‘

G(n,m) = (A.3)

Another useful integral is

. dir kT 1
Goy(PT) = / ) (i (57— (A.4)

This gives
dr.
Gy (FT) = Gy TP F 0, Guy= o Glay) (A.5)
zy\P zy |P ) Ty = (2m)ir z,Yy) .-
It will turn out to be convenient to introduce
dr
_m 2+ 2x —dr

Let us now compile the results for the relevant integrals for n = 4.

Order 0. To order zero

dir P -Er

¢=/d2‘1 G(x — 21) 0r(21) :/(ZW)dT TR (A7)
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Order 1. We now need to compute I7. After some manipulations

ddT ip Tz ddT ddT 1
11:/ ZieﬁTQIh I1=/ p;/ pj T e e oy (A8)
(2m)e (p1) (2m) 2m)® (pT —pi —p3)* (1 )* (P3)
Using the formulas above, we see that
Ty = Fig g |ptPer=3) (A.9)

Order 2. We now need Is, which can be re-written as
Jdr ﬁT ez‘ﬁT-fT
R, o
with

ATk 1

X[/ dir T / dir ¥ 1 } U dir T 1 .
(e S (@)% (R ()2 (] — K - kD)2 ) L) ) (B2 (57—~ RY)?
Using the results for the integrals above

Ty =Fi11G11G, , aap [p7[724779) (A.12)
T, 2

Order 3. Now we have two integrals

. I:gl): after some tedious but straightforward manipulations, one can show that

d ipT.27
v _ [ d7p e (1)
where
Z = [ Sk [ : (A.14)
P @t ) (R T - KT - K2

X/ ddig / ddi4 1
Cr)r | () (R B2 7 — K Ff 1~ FL 2

X[/ doT ks / doT kg 1 .
(2m)dr J(2m)T (K1)2 (KE)2 (BT — kT — k5 — kY — k] — K — K{)?
Using the results above

I;g,l) =Fi1Fa_ap 11 F772dT,1,1\ﬁT\2(3dT79) . (A.15)
This can be written as

IV = Fy Fy_g, Fr_oq, |pT)2Gdr=9) (A.16)
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. Igz): in this case, one finds

dr ipT.zT
@ _ [ d7"p e )
where
7 :/ d' py / d py 1 (A.18)
5 (2m)dr ) (2m)dr (p])2 (P ) (P — p1 — P2)?

(| ot v
(2m)dr ) 2m)*r (k)2 (k)2 (5T — kT — k32
x{/ doT kg / di7ky 1

(2m)dr ] (2m)dr (KT)2 (KT)2 (5] — kY — kT)?

Using the results above

TP = F21 1 Fracaga—ap [P0 (A.19)
This can be rewritten as
2(1—-5
I( ) — =F1 Fy_qp Fr_o4, |p |_‘T|2 Sdr=9) (136) . (A.20)
— 3e
It then follows that
2 (1 — 56) (1) (2) 2 (1 — 56) (1)
I(Q) =— 7’7 - W =—2 1. A21
3 1— 3¢ 3 3 1 — 3¢ 3 ( )

Order 4. Now we have 4 integrals

. Iff): we have

o[,
where
7} = / h / e e (A.23)
(2m)dr ) (2m)ir (kT)2 (kD)2 (5— kT — kD)2

X/ ddig /ddi4 1
(2m)dr ) @2m)dr (BT)2 (k])? (5— kT — k] —k§ —k])?

ddiI5 ddiﬁ 1
X/(Q)dT/(z)dT ETN2 (PTN2 (7 ol T T T T T2
g T) (ks )? (kg )* (P— ki —k3 —ks —ky —ks —kg )

X{/ doT fer / do7 kg 1
(@m)dr J @m)dr (RT)2 (k)2 (57 — K] —kf — k] — k] — kL —k§ —kF —kL)?
Using the formulas above

Izil) =Fi11Faapng Fro2dap1,0 Flo—3dr,1,1 (p)?Udr=12) (A.24)
This is nicest rewritten as follows:

Iil) = Fy Fy_gr Fr_sqy Fro_3a, (9)244r712) (A.25)
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. 1512): we have

: (A.26)

where

If):/ddil /ddi2 U (A.27)
@2m)dr ) @)t (kT)2 (kD)2 (5T — kT — k)2
X/ ddig /ddiI4 1
@m)dr ] 2m)*r (1) (kD)2 (57 — KT — K — K — k])?

X[/ doT ks / doT kg 1
(2m)dr

(2m)r (kD)2 (k§)? (K] — kL — k)2

S e | G : |

(2m)™ (KF)2 (k)% (K] — kF — K{)?

Using the results above

2 _
¥ = F21 0 Pracapa-dr Fro-sap,,1 (9)2 497 712) (A.28)

One can check that this can be rewritten as

2) _ 2(1=5¢) )
) =50 (A.29)
S

We have

1 _ / e

(3)
© ) e GTE

(A.30)

where

I§3)=/ddi1 /ddiQ I — (A.31)
(2m)dr | (2m)dr (kT)2 (kT)2 (5T — kT — kD)2
ddig ddT]{4 1
8 /(27r)dT /(27r)dT ET\2 (ETV\2 (BT _ BT _ T2
(k3)? (k3)? (ky — k3 —ky)
ddif, ddi‘G 1
8 / (2m)dr /(27r)dT PTY\2 (ETN2 (BT _ BT _ T2
(k5)? (kg )? (k1 — k5 — kg )

ddi7 ddiig 1
X/Q dT/2 dr (PT\2 (RTV2 (BT _ T _ 1T\2
(27) (@m)r (kK1)2 (k§)? (K — kT — k)

Using the integrals above

7 = P2y Fuacaps Fuzosdpa-ar (0)2497712 (A.32)

which can be rewritten as

3 3 (1="7¢) )
7, = <3 Z,’. (A.33)
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. 1514): we have

dpr =T _ipgT-zT
2 _ [d7P (4)
-/ i e L (A.34)
where
7 _ / i / s 1 (A.35)
b emi S @ (B2 RD? (T ~ R~ R

ddig, ddiZG 1
X/Q dT/2 dr (PT\2 (RTV2 (BT _ T _ 1.T)2
(27) @m)r (k)2 (k)2 (K — k' — k)

y /ddi3 /ddi4 1
N N G R (e T AT

di7 di7 ko 1
X/Q dT/2 dr (pTY\2 (ETN\2 (P _ T _ T2
L/ (2m) @m)*r (k)2 (k3)? (K — k' — k3)

Using the formulas above

7Y = F\ ) Ficapacapaap ()2 4912, (A.36)

which reduces to the simpler form

(A.37)

B Four-loop B functions

In this appendix we calculate the 8 function to four-loop order using the approach of section
3. Our starting point is the equation of motion of fi(4) as defined in (3.4). This is

— 1 1
0, (0. 1%) = g { Vot ® 4 Vit D12 + SVt 1010} =0,

where the fi(n) are defined at (3.6). The solution is given by

Vi, Vi ViV
fz(4) — % (p3 (log 7’)4 =+ 12p2 (log 7’)3 4 60p(log T’)2 +120 IOg 7“)
ViiViri Vi Vi
% (p3(log r)* + 8p*(logr)? + 36p(logr)? + 72log 7‘)
B.1
Vi ViV 5)

S4p7 <3p3(10g )4 4 20p?(log )3 + 60p(log r)? + 120log r)

ikl ViViV
+ W (p3(10g )4 + 4p?(logr)® + 12p(log r)? + 24 1log 7’) )
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where p = dpr — 2, i.e. p =1 in 4d and p = 2 in 6d. With this result, following the same
steps as in section 3, we define a “running” h; as

2QV; 202V,;V;

logr + ——5—= (210g7“+p(10g7“) )
p

ui:hi—

4Q f
V]Vka (p2 log r)? + 6p(log 7)* + 12logr>

4Q V ViVi
”k k (p2 log7)® + 3p(log r)? +6logr>

204V,
N V]V]kalVl (p3 log)* + 12p2(log 7)? + 60p(log )% + 120 Iogr> (B.2)

204V V Vi Vi
+ ” Jkl k2 <p3 log 7)* 4 8p?(log 7)® + 36p(log r)? +7210g7")

204 VZ VV Vi
n Jk ki Vi (3p3 log r)* + 20p*(log r)3 + 60p(log 7)? 4+ 120 log T)

204 V VVV
. Z_]kl kVi <p3 log?“ +4p (]Ogr) + 12p(logr)2 + 2410g7°) )

where the V are evaluated at h;. Inverting this formula we get

2QV; 2Q2V”V

h; = u; + logr — ——=2-2 (2logr — p (logr)?)
p

4Q ViiVik Vi
” ]k b (p2 log )3 — 6p(logr)? + 1210gr)

403V,
+ ijV Vi p2 logr — 3p(log r)2 + 6log r)

20! V Ve VidVi
” J’“ L (<p*(logr)* + 12p*(log 7)? — 60p(log 7)? + 120log ) (B.3)

11p3(logr)* + 8p*(log r) — 36p(log 7)* 4 72log r)

QQ V VV Vi
ij klLVI 15p3 logT + 20p2(10g T)3 _ 60p(10g T')2 + 120 10g /r)

(
29 VUVJlesz (
(-
29 ‘/ijlv ViVi (

p3(logr)* + 4p*(log r)® — 12p(log )% + 24 log 7‘) .

Now we interpret once again r~! as the RG scale and differentiate both sides of the equation

with respect to logr to get the S function for u;. We obtain

Bi=2cQVi— 4 Q* ViV + 8¢ QP (VijrVi Vie + 2 Vi Vig Vi) — (B.4)
— 80" Q (Vi Vit Vi + VijrVirViVi) — 16 ¢" Q* (Vi ViViVi + 3V Vi Vi)

where ¢ = 1/p = (dr —2)~!. From this formula, we compute the function # found in (3.12)
up to fourth loop order.
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C Rigid holography

In this section we will show that the 5 functions and dimensions can also be computed using
holographic techniques. As it is well known, R¢ can be conformally mapped to HT! x §0+1
with a + b+ 2 = d. To see this, we start with the R? metric, written as

dsga = dri +ridsde +dri +13ds3,, a+b+2=d. (C.1)

Next, we perform the following change of coordinates

_ sinh p , ry = sin ¢ . (C.2)
cosh p — cos cosh p — cos ¢
Then, the metric becomes
. . 1
dsga = F? (dp? +sinh? pds3, + dy? +sin® v dsd, ), F = et )

Up to a conformal factor, this is Ho ! x S**1. Note that the boundary sits at p — oo, which
corresponds to r; = 1, 79 = 0. Thus, the boundary of H**! is conformal to the S* at r = 1
and ro = 0 in the original coordinates, which is in turn conformal to R®. In fact, we can di-
rectly have such flat boundary by considering the hyperbolic space in Poincaré coordinates.

C.1 p functions from rigid holography

Since in the double scaling limit our theories are conformal — at least in the bulk — we can
make use of this conformal transformation to have the defect living at the boundary of the
Poincaré hyperbolic space.® In the cases of interest we need a = b = dp — 2, corresponding
to He7—1 x S =1 gsuch that in d = 4, where dy = 3, we have H? x S?; while in d = 6
(where dr = 4) we have H? x S?. The metric of the H7~! x S4~! gpace is

dz? + ds?

2= R 4 ds2ps . (C.4)

ds
22

Since in HI7~1 x §%7~1 the conformal coupling to curvature for scalars is zero, the
bulk action lagrangian is simply the original one in the curved H9T—1 x S9—1 space with
metric (C.4)

§= / il ( (0602 + V(gbi)) . (C.5)
All in all the problem is mapped to a holographic scenario albeit without gravity. This is
very reminiscent of the rigid holography scenario of [27] (for further developments along

these lines, see e.g. [1, 2, 5-7, 10, 28, 29]).
For z-dependent configurations, the equations of motion are

1, 1

5The double scaling limit plays an analogous role to the large N limit in standard holography; in both
cases the limit leads to a classical bulk theory.
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where V; = a ¢ This equation is identical to (3.4) upon changing z — r. As a consequence,
the solution can be immediately borrowed from there

gi=ui, w=si+ 0+ (C.7)

with the fi(k) being the same as in (3.6) upon changing r by z. The rest of the computation
goes by unchanged, leading to exactly the same S-functions.

The appearance of the S functions through rigid holography is reminiscent of the
Wilson loop case [1, 30, 31], where there is a flow between the Wilson loop and the Wilson-
Maldacena loop (see also [3] for the membrane case). It is interesting to observe that
the double-scaling limit has an effect similar to the large N limit in standard holography
(freezing bulk loops and leading to “large N factorization”).

C.2 Dimension of gauge-invariant operators in scalar QED

In a recent paper [21], Aharony et al. studied phase transitions in scalar QED with a Wilson
line, by computing the dimension of scalar operators on the defect. Rigid holography can
also be used to reproduce the results in [21]. We consider a Wilson line along, say, z° in
RY3. Assuming mostly minus signature, the action is (we follow the conventions in [21])

S = /d%ﬁ (—F2 |0¢ — ieAp|* — %|¢|4 — A 5T) . (C.8)

Introducing now A= \e?and 4 = qe? and appropriately rescaling the fields, we can write

1 1 A
S = 2 Seff 5 Seft = /d4a: V=g <—4F2 +10¢ — ie Ag|* — §|¢|4 —q Ao 5T> - (C9)

We now take the semiclassical limit e — 0 with ¢ and A fixed. In this limit bulk loops are
suppressed. Since ¢ cannot run due to gauge invariance, we again find, naively, a dCFT.

Let us now map the problem to AdSs x S?, with metric (C.4). Assuming an ansatz
Ay = Ao(z) and ¢ = ¢(z), the bulk equations of motion become

0,(220.A0) +2e* Ag 6> =0,  2p+e?A2p— 22 N|¢|* 0 =0. (C.10)

Let us now look for the appropriate holographic configuration representing charge source.
The general background solution for Ay with z-dependence and ¢ = 0 is given by

Ag=ag+joz"

We will choose the boundary condition ag = 0, which corresponds to a current — as
opposed to a dynamical gauge field — in the boundary [33]. Moreover, just as in the scalar
case, the jo constant is fixed by the Coulomb law as

=4
Jo= =1 (C.11)

Turning now to the equation for the ¢ fluctuations in this background, to quadratic
order one finds 5 o
e
26+ 15 Q 5= Q=21 (C.12)
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The solution to this equation is

A A_
p=Crz2 +C_ 22, Ap=1+/1-Q. (C.13)

Note that in terms of the original variables

Q_6442
4

o (C.14)
This reproduces the results in [21], now by using holography.
As discussed in [21], there are two possible quantizations, corresponding to the two pos-
sible boundary conditions C = 0 or C_ = 0. In one quantization, the Wilson line defines a
stable dCFT with |¢|? being an irrelevant deformation of dimension A, = 1++/T — Q. The
other quantization defines an unstable dCFT where |¢|? is a relevant deformation of dimen-
sion A_ = 1—+/1— Q. As Q is increased, at Q = 1 these two branches approach and merge,
resulting in fixed point annihilation and conformality loss. From the viewpoint of the stable
dCFT, the naively irrelevant operator |¢|? decreases its dimension and eventually becomes
marginal at @@ = 1 (in standard terminology, it is a dangerously irrelevant operator).

It is instructive to compare with the scalar field models, where instabilities only ap-
peared for potentials with the wrong sign. This is consistent with the fact that in scalar
QED the term AZ¢¢ contributes with negative sign to the effective potential. As a re-
sult, the effective charge () appears with negative sign inside the square root, leading to
instabilities at critical values.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] M. Beccaria, S. Giombi and A. Tseytlin, Non-supersymmetric Wilson loop in N =4 SYM
and defect 1d CFT, JHEP 03 (2018) 131 [arXiv:1712.06874| [INSPIRE].

[2] C.P. Herzog and I. Shamir, On marginal operators in boundary conformal field theory, JHEP
10 (2019) 088 [arXiv:1906.11281] INSPIRE].

[3] N. Drukker, S. Giombi, A.A. Tseytlin and X. Zhou, Defect CFT in the 6d (2,0) theory from
M2 brane dynamics in AdS; x S*, JHEP 07 (2020) 101 [arXiv:2004.04562] [INSPIRE].

[4] E. Lauria, P. Liendo, B.C. Van Rees and X. Zhao, Line and surface defects for the free scalar
field, JHEP 01 (2021) 060 [arXiv:2005.02413] [INSPIRE].

[5] C.P. Herzog and N. Kobayashi, The O(N) model with ¢° potential in R?> x R*, JHEP 09
(2020) 126 [arXiv:2005.07863] [INSPIRE].

[6] S. Giombi, J. Jiang and S. Komatsu, Giant Wilson loops and AdSs/dCFT,, JHEP 11 (2020)
064 [arXiv:2005.08890] [NSPIRE].

[7] S. Giombi and H. Khanchandani, CFT in AdS and boundary RG flows, JHEP 11 (2020) 118
[arXiv:2007.04955] [NSPIRE].

~ 99 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP03(2018)131
https://arxiv.org/abs/1712.06874
https://inspirehep.net/literature/1644145
https://doi.org/10.1007/JHEP10(2019)088
https://doi.org/10.1007/JHEP10(2019)088
https://arxiv.org/abs/1906.11281
https://inspirehep.net/literature/1741810
https://doi.org/10.1007/JHEP07(2020)101
https://arxiv.org/abs/2004.04562
https://inspirehep.net/literature/1790727
https://doi.org/10.1007/JHEP01(2021)060
https://arxiv.org/abs/2005.02413
https://inspirehep.net/literature/1794489
https://doi.org/10.1007/JHEP09(2020)126
https://doi.org/10.1007/JHEP09(2020)126
https://arxiv.org/abs/2005.07863
https://inspirehep.net/literature/1796749
https://doi.org/10.1007/JHEP11(2020)064
https://doi.org/10.1007/JHEP11(2020)064
https://arxiv.org/abs/2005.08890
https://inspirehep.net/literature/1796798
https://doi.org/10.1007/JHEP11(2020)118
https://arxiv.org/abs/2007.04955
https://inspirehep.net/literature/1806057

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

L. Bianchi et al., Monodromy defects in free field theories, JHEP 08 (2021) 013
[arXiv:2104.01220] [INSPIRE].

G. Cuomo, Z. Komargodski and A. Raviv-Moshe, Renormalization group flows on line
defects, Phys. Rev. Lett. 128 (2022) 021603 [arXiv:2108.01117] [INSPIRE].

S. Giombi, E. Helfenberger and H. Khanchandani, Fermions in AdS and Gross-Neveu BCFT,
JHEP 07 (2022) 018 [arXiv:2110.04268] [INSPIRE].

A. Allais and S. Sachdev, Spectral function of a localized fermion coupled to the
Wilson-Fisher conformal field theory, Phys. Rev. B 90 (2014) 035131 [arXiv:1406.3022]
[INSPIRE].

G. Cuomo, Z. Komargodski and M. Mezei, Localized magnetic field in the O(N) model,
JHEP 02 (2022) 134 [arXiv:2112.10634] [INSPIRE].

G. Cuomo, Z. Komargodski, M. Mezei and A. Raviv-Moshe, Spin impurities, Wilson lines
and semiclassics, JHEP 06 (2022) 112 [arXiv:2202.00040] [InSPIRE].

D. Rodriguez-Gomez, A scaling limit for line and surface defects, JHEP 06 (2022) 071
[arXiv:2202.03471] [INSPIRE].

N. Drukker, Z. Kong and G. Sakkas, Broken global symmetries and defect conformal
manifolds, Phys. Rev. Lett. 129 (2022) 201603 [arXiv:2203.17157| INSPIRE].

F.K. Popov and Y. Wang, Non-perturbative defects in tensor models from melonic trees,
JHEP 11 (2022) 057 [arXiv:2206.14206] [INSPIRE].

A. Gimenez-Grau, E. Lauria, P. Liendo and P. van Vliet, Bootstrapping line defects with
O(2) global symmetry, JHEP 11 (2022) 018 [arXiv:2208.11715] [INSPIRE].

D. Rodriguez-Gomez and J.G. Russo, Defects in scalar field theories, RG flows and
dimensional disentangling, JHEP 11 (2022) 167 [arXiv:2209.00663] [INSPIRE].

C.P. Herzog and V. Schaub, Fermions in boundary conformal field theory: crossing symmetry
and E-expansion, JHEP 02 (2023) 129 [arXiv:2209.05511] [INSPIRE].

S. Giombi, E. Helfenberger and H. Khanchandani, Line defects in fermionic CFTs,
arXiv:2211.11073 [INnSPIRE].

O. Aharony et al., Phases of Wilson lines in conformal field theories, Phys. Rev. Lett. 130
(2023) 151601 [arXiv:2211.11775] [NSPIRE].

A. Gimenez-Grau, Probing magnetic line defects with two-point functions,
arXiv:2212.02520 [INSPIRE].

L. Bianchi, D. Bonomi and E. de Sabbata, Analytic bootstrap for the localized magnetic field,
JHEP 04 (2023) 069 [arXiv:2212.02524] [INSPIRE].

T. Shachar, R. Sinha and M. Smolkin, RG flows on two-dimensional spherical defects,
arXiv:2212.08081 [INSPIRE].

W.H. Pannell and A. Stergiou, Line defect RG flows in the € expansion, arXiv:2302.14069
[INSPIRE].

L.A. Gaumé, D. Orlando and S. Reffert, Selected topics in the large quantum number
expansion, Phys. Rept. 933 (2021) 1 [arXiv:2008.03308] [INSPIRE].

O. Aharony, M. Berkooz and S.-J. Rey, Rigid holography and siz-dimensional N = (2,0)
theories on AdSs x S*, JHEP 03 (2015) 121 [arXiv:1501.02904] [INSPIRE].

— 30 —


https://doi.org/10.1007/JHEP08(2021)013
https://arxiv.org/abs/2104.01220
https://inspirehep.net/literature/1856106
https://doi.org/10.1103/PhysRevLett.128.021603
https://arxiv.org/abs/2108.01117
https://inspirehep.net/literature/1898324
https://doi.org/10.1007/JHEP07(2022)018
https://arxiv.org/abs/2110.04268
https://inspirehep.net/literature/1940600
https://doi.org/10.1103/PhysRevB.90.035131
https://arxiv.org/abs/1406.3022
https://inspirehep.net/literature/1300369
https://doi.org/10.1007/JHEP02(2022)134
https://arxiv.org/abs/2112.10634
https://inspirehep.net/literature/1994206
https://doi.org/10.1007/JHEP06(2022)112
https://arxiv.org/abs/2202.00040
https://inspirehep.net/literature/2023714
https://doi.org/10.1007/JHEP06(2022)071
https://arxiv.org/abs/2202.03471
https://inspirehep.net/literature/2029633
https://doi.org/10.1103/PhysRevLett.129.201603
https://arxiv.org/abs/2203.17157
https://inspirehep.net/literature/2060834
https://doi.org/10.1007/JHEP11(2022)057
https://arxiv.org/abs/2206.14206
https://inspirehep.net/literature/2103417
https://doi.org/10.1007/JHEP11(2022)018
https://arxiv.org/abs/2208.11715
https://inspirehep.net/literature/2141807
https://doi.org/10.1007/JHEP11(2022)167
https://arxiv.org/abs/2209.00663
https://inspirehep.net/literature/2146291
https://doi.org/10.1007/JHEP02(2023)129
https://arxiv.org/abs/2209.05511
https://inspirehep.net/literature/2151068
https://arxiv.org/abs/2211.11073
https://inspirehep.net/literature/2513026
https://doi.org/10.1103/PhysRevLett.130.151601
https://doi.org/10.1103/PhysRevLett.130.151601
https://arxiv.org/abs/2211.11775
https://inspirehep.net/literature/2513724
https://arxiv.org/abs/2212.02520
https://inspirehep.net/literature/2611103
https://doi.org/10.1007/JHEP04(2023)069
https://arxiv.org/abs/2212.02524
https://inspirehep.net/literature/2611119
https://arxiv.org/abs/2212.08081
https://inspirehep.net/literature/2615427
https://arxiv.org/abs/2302.14069
https://inspirehep.net/literature/2637265
https://doi.org/10.1016/j.physrep.2021.08.001
https://arxiv.org/abs/2008.03308
https://inspirehep.net/literature/1810931
https://doi.org/10.1007/JHEP03(2015)121
https://arxiv.org/abs/1501.02904
https://inspirehep.net/literature/1338609

[28] M.F. Paulos et al., The S-matriz bootstrap. Part I. QFT in AdS, JHEP 11 (2017) 133
[arXiv:1607.06109] [INSPIRE].

[29] D. Carmi, L. Di Pietro and S. Komatsu, A study of quantum field theories in AdS at finite
coupling, JHEP 01 (2019) 200 [arXiv:1810.04185] [InSPIRE].

[30] L.F. Alday and J. Maldacena, Comments on gluon scattering amplitudes via AdS/CFT,
JHEP 11 (2007) 068 [arXiv:0710.1060] NSPIRE].

[31] J. Polchinski and J. Sully, Wilson loop renormalization group flows, JHEP 10 (2011) 059
[arXiv:1104.5077] [INSPIRE].

[32] A.G. Grozin, Lectures on multiloop calculations, Int. J. Mod. Phys. A 19 (2004) 473
[hep-ph/0307297] [NSPIRE].

[33] D. Marolf and S.F. Ross, Boundary conditions and new dualities: vector fields in AdS/CFT,
JHEP 11 (2006) 085 [hep-th/0606113] [INSPIRE].

~ 31—


https://doi.org/10.1007/JHEP11(2017)133
https://arxiv.org/abs/1607.06109
https://inspirehep.net/literature/1477430
https://doi.org/10.1007/JHEP01(2019)200
https://arxiv.org/abs/1810.04185
https://inspirehep.net/literature/1697686
https://doi.org/10.1088/1126-6708/2007/11/068
https://arxiv.org/abs/0710.1060
https://inspirehep.net/literature/763100
https://doi.org/10.1007/JHEP10(2011)059
https://arxiv.org/abs/1104.5077
https://inspirehep.net/literature/897377
https://doi.org/10.1142/S0217751X04016775
https://arxiv.org/abs/hep-ph/0307297
https://inspirehep.net/literature/624009
https://doi.org/10.1088/1126-6708/2006/11/085
https://arxiv.org/abs/hep-th/0606113
https://inspirehep.net/literature/719125

	Introduction
	Defects in scalar field theories and dimensional disentanglement
	Solving the saddle-point equation in perturbation theory
	Renormalization and beta  functions
	Fixed points and dimensional disentanglement
	Some physical implications of DD

	Alternative calculation of beta-functions
	beta function for the defect couplings
	Changing scheme

	Instabilities in defect field theories
	One-loop considerations in field theory
	Exact dimensions and instabilities
	A glimpse into fermion models

	Conclusions
	The integrals
	Four-loop beta functions 
	Rigid holography
	beta functions from rigid holography
	Dimension of gauge-invariant operators in scalar QED


