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Abstract

We investigate the one-dimensional Ising model with long-range interactions decaying as 1/r!**. In
the critical regime, for 1/2 < s < 1, this system realizes a family of nontrivial one-dimensional conformal
field theories (CFTs), whose data vary continuously with s. For s > 1 the model has instead no phase
transition at finite temperature, as in the short-range case. In the standard field-theoretic description,
involving a generalized free field with quartic interactions, the critical model is weakly coupled near
s = 1/2 but strongly coupled in the vicinity of the short-range crossover at s = 1. We introduce a dual
formulation that becomes weakly coupled as s — 1. Precisely at s = 1, the dual description becomes an
exactly solvable conformal boundary condition of the two-dimensional free scalar. We present a detailed
study of the dual model and demonstrate its effectiveness by computing perturbatively the CFT data
near s = 1, up to next-to-next-to-leading order in 1 — s, by two independent approaches: (i) standard
renormalization of our dual field-theoretic description and (ii) the analytic conformal bootstrap. The
two methods yield complete agreement.
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1 Introduction and motivation

An important source of insights and results in quantum field theory (QFT) is provided by IR dualities,
where two different UV models share the same IR behavior. If the latter is described by a conformal field
theory (CFT), the UV models provide alternative ways of constructing the same CFT as an IR limit.

While closely related to the concept of universality, the term “IR duality” is commonly reserved for
a more specific and surprising case of universality, where the two UV models are defined in terms of
completely different degrees of freedom.

In other words, IR dualities mimic exact dualities, such as the one between the compact free boson
and the free photon in 3d, or that between the sine-Gordon model and the massive Thirring model in 2d
[1]. However, in contrast to these examples, they are only true up to IR-irrelevant operators [2]. Famous
examples of IR dualities are the Seiberg duality [3], the particle/vortex duality [4, 5], and the “web of
dualities” for Chern-Simons-matter theories [6, 7, 8].

One particularly useful feature of IR dualities is that they are often of the strong—weak type: one side
is weakly coupled when the other is strongly coupled, and vice versa. A notable example, proposed in
[9, 10], occurs in the context of the long-range Ising (LRI) model in d > 2 dimensions. On the Z¢ lattice,
the LRI model with long-range parameter s is described by the classical Hamiltonian:

C_ 5.)2
BHLRI:gZM J >0, (1.1)

i 4ld+s ?
— li=1Jl

where o; = £1 are the Ising variables at sites i € Z%, and 8 = 1/T is the inverse temperature.
In the continuum limit, for 0 < s < 2, the LRI model is described by a generalized free field (GFF) ¢
of scaling dimension A, = (d — s)/2, perturbed by quartic and quadratic self-interactions [11, 12]:

Strilp] = Sarra,)le] + /ddm (>\22go(:c)2 + )Zlcp(x)‘l) . (1.2)



This model is weakly coupled when s approaches d/2, below which the critical behavior is governed by
mean-field theory (MFT). For s > d/2, the critical behavior deviates from MFT, and becomes more and
more strongly coupled with growing s.

The dual description proposed in [9, 10], and valid for d > 2, is in terms of the standard local (short-
range) Ising CFT, denoted SRI. It features the Ising field o, of scaling dimension A,, linearly coupled to
a GFF x of scaling dimension A, = (d + s)/2:

Suralo.x] = Sswilo] + Sarran ] + ¢ / a4 o(2)x(x) . (1.3)

This model is weakly coupled near s* = d — 2A,, where (1.2) is strongly coupled. The value s* had
previously been conjectured [12, 13] to correspond to a crossover point for the LRI model, above which
the LRI phase transition falls into the SRI universality class. One can use (1.3) to systematically compute
the CFT data of the LRI near the crossover, see e.g. [9, 10, 14].

In this article, we consider the d = 1 case of the LRI-SRI crossover, where (1.3) does not apply because
the local 1d Ising model does not give rise to a CFT. Let us summarize the state of the art about this model
prior to our work. For 0 < s < 1, the model exhibits a continuous phase transition at a finite value of J
[15, 16, 17]. The critical exponents take mean-field values for 0 < s < 1/2 [18]. For s > 1, by contrast, no
finite-J transition occurs [19] — the model is disordered at all positive temperatures. The analogue of the
crossover point is thus located at s* = 1, with divergent correlation length and discontinuous magnetization
at the transition [20, 17].

For s = 1/2 + €¢/2, with € < 1, the 1d version of (1.2) provides a weakly coupled description of the
near-critical lattice model (1.1). This description is strongly coupled near s = 1. At the same time, the
dual description (1.3) does not have an immediate 1d analogue. Indeed, the one-dimensional SRI model
exhibits a phase transition only at zero temperature, where it is not a CF'T but a topological theory, with
constant correlation functions. This theory is equivalent to that of a single qubit with two degenerate
ground states |+). The spin field is a topological operator acting as o|+) = £|+).

While a simple-minded generalization of (1.3) — coupling the generalized free field x (with A, =
(1 + s)/2) to the topological operator o (with A, = 0) via ox — would correctly identify the crossover
location at s* = 1, it would fail to provide a correct description of the critical theory. Indeed, o could
be represented in the standard qubit basis as the third Pauli matrix 63, and it is easily checked that it
would never become a genuine local field, it would not acquire an anomalous dimension, and the relevant
operator controlling the deviation from criticality would also absent.! A different perspective is therefore
needed in order to capture the full operator spectrum and scaling behavior near the crossover to short
range in one dimension.

Such a perspective has been provided in our recent work [21], where we constructed a candidate dual
description, weakly coupled near s = 1. Our proposal was inspired by the old works of Anderson and
Yuval [22] and of Kosterlitz [23], which capture the physical essence of the problem. These references
identified the weakly coupled degrees of freedom at s = 1 as the domain walls, namely the sites i where the
spins o; flip from —1 to +1, or vice versa. For the 1d LRI with s = 1, Anderson and Yuval observed that
the domain walls are dilute at low temperature and rewrote the model as a Coulomb gas of alternating
kinks and antikinks, noticing also a connection with the Kondo model. Using their Coulomb gas model,
and a primordial version of Wilsonian RG, they derived a system of beta functions and established a
phase diagram at s = 1, which resembles that of the Berezinskii-Kosterlitz—Thouless (BKT) transition,
except for a different physical dictionary. Later, Kosterlitz extended their analysis to small positive values
of 1 — s, constructing a dilute-gas description — hereafter referred to as the Anderson—Yuval-Kosterlitz
(AYK) model — and identifying a weakly interacting fixed point. In [21], we have presented a field theory,
taking the form of an impurity model that generalizes the bosonized Kondo model, whose perturbative

!These remarks might become more transparent after reading section 3, and noticing that the naive model discussed here
would correspond to the g = 0 case of our complete model.



expansion reproduces the AYK model, and that allows to perform systematic perturbative computations
of the CFT data in the small parameter 1 —s. Moreover, using the CFT data from the fixed point at s = 1
as a seed, we have developed a perturbative analytic conformal bootstrap that reproduces and extends the
renormalization group (RG) results, thus providing an independent check of the field theoretic model and
of the fact that the fixed-point theory is a CFT.

In this paper, we expand on the construction of [21], presenting more details and results on the IR
duality between the 1d LRI model and our generalized Kondo model. The main results of our work can
be summarized as follows:

e At s =1, we refine the known duality between LRI and Kondo, originally established by Anderson
and Yuval. In particular, we show that the correct treatment requires restricting the Kondo model
to its U(1)-singlet sector, which allows us to identify the full spectrum of the LRI CFT at s = 1.

e For all s < 1, we propose a field theory that is weakly coupled near the crossover, exactly solvable at
s = 1, that reduces to the Kondo model at s = 1, and that upon perturbative expansion reproduces
the AYK model. At s > 1, it reproduces the 1d SRI physics, via a trivial fixed point, reached only at
zero temperature. We derive several predictions for CFT data at next-to-leading or next-to-next-to-
leading order in perturbation theory, thus showing that such model provides not only a conceptual
framework to recast the AYK model as a field theory, but also a computational tool to treat the
near-crossover regime with systematic perturbative methods.

o We recover the same results — along with further predictions — through analytic conformal bootstrap.
This approach uses only the CFT data from s = 1, together with the existence of protected operators
o, x for all s < 1, and the assumption that the CFT data admit an asymptotic expansion in
nonnegative powers of /1 — s. Therefore, the bootstrap provides an independent validation of our
proposed model at s < 1, and together they represent strong evidence for the conformal invariance
of the IR fixed point.

1.1 Outline

The paper is organized as follows.

In Section 2, we review what is known (and what is not known) about the 1d LRI model, starting with
the Ginzburg-Landau description. We further discuss its nonperturbative realization as a unitary 1d CF'T
and conclude with a lightning review of the AYK model, as well as the 1d SRI model.

In Section 3, we present our weakly coupled field theory for the 1d LRI-SRI crossover. We discuss its
symmetries and operator content.

Section 4 features perturbative RG analysis of the model introduced in Section 3. We calculate the
relevant beta functions, identify the weakly coupled fixed point, and compute CFT data. In particular,
we extend AYK results for the critical exponents to higher orders in perturbation theory, and provide new
predictions for OPE coefficients of light operators.

The conformal data can also be computed using the conformal bootstrap, with very few assumptions.
In Section 5, we demonstrate how analytic bootstrap methods — particularly analytic functional techniques
for 1d CFTs — independently reproduce and extend the RG results of Section 4 to higher orders.

We conclude in Section 6 with a summary of our results and a discussion of future directions. Supple-
mentary material can be found in the appendices, including the definition of a 1d compact GFF, further
details on the relation between the 1d LRI and the AYK model, the formulation of 1d LRI as a defect
CF'T, alternative versions of the proposed model, technical aspects of the perturbative computations, and
logarithmic corrections to the scaling behavior of 1d LRI at the crossover.



2 Knowns and unknowns about the 1d long-range Ising model

In this section, we review the main properties of the p? formulation of the 1d LRI model, what it teaches us
about the IR CFT, and what was previously known about the physics near the crossover to the short-range
universality class.

2.1 The p*-formulation of the long-range Ising model

The ¢* formulation of the 1d LRI in the continuum is given in terms of a GFF ¢ of scaling dimension
ASOZ (1_8)/27 (21)

perturbed by quartic and quadratic self-interactions. The latter preserve the Zy and parity symmetries of
the GFF.2 The action is [11]

Stri [90] :CZS /:H)o dzidzs (pler) — SO(wQ))Q + /_+OO dx <>;90<m)2 + ):f@(x)ll) . (2.2)

We can think of the continuous field ¢ as the order parameter (the spontaneous magnetization) in a
Ginzburg-Landau description of the LRI. As usual, the coupling Ao is associated to the deviation from the
critical temperature of the statistical model.

The canonical dimension of the field is not renormalized by the presence of local interactions [11, 24],
hence it sticks to its GFF value of eq. (2.1). For 0 < s < 1/2, the quartic interaction is irrelevant and
the IR theory is GFF, which explains why the critical exponents of 1d LRI are controlled by MFT in this
region [18]. For s = (1 +¢€)/2 with 0 < € < 1, the quartic interaction is weakly relevant. Setting Ao = 0
and using analytic e-regularization for the UV divergences, the one-loop beta function for the renormalized
coupling is found to be [11] (see [25, 26] for the three-loop result)

3
ﬁ>\4 = —e\ + %)\42 + O()\43) . (2.3)

The critical IR theory at Ay = 27e/3 + O(€?) is weakly coupled for € < 1. In the opposite regime, when
¢ ~ O(1), perturbation theory is unreliable.> What can we say about the critical IR theory near the
crossover transition to short-range, which in 1d happens at s = ¢ = 17

The expected scenario, dating back to Sak’s work [12] (see also [28, 9, 10]), is that the short-range
kinetic operator 9%y, becomes a dangerously irrelevant operator at the crossover, i.e. it is irrelevant in
the UV theory, but becomes relevant in the IR, thus destabilizing the IR fixed point.* The scenario by Sak
leaves open a number of puzzles, that have been resolved in higher dimensions by the crossover picture
proposed in [9, 10], and briefly sketched in the introduction. In particular, in Sak’s scenario there is a
problem of missing operators after crossover to the short-range universality (e.g. the ¢® operator, discussed
below), and this has been solved in [9, 10] with the realization that beyond the crossover the theory is
equivalent to SRI plus a decoupled GFF. Before presenting our proposal for a weakly coupled description
of the crossover in 1d, we will review a few additional pieces of background material.

2The reader can consult appendix A regarding the definition of GFF on the line.

3See refs. [25, 26, 14, 27], for various resummation-based estimates of critical exponents when ¢ ~ O(1).

“We note that in such a scenario, when following the IR theory from s = 1/2 to s = 1, we should observe level crossing
of the scaling dimensions of ¢* and ©d?p. Indeed they start as marginal and irrelevant, respectively, at s = 1/2, and should
end up as irrelevant and marginal at s = 1. Such level crossing is observed in higher dimensions by means of perturbative
series resummations [27], but it is expected that the true behavior of the operators would result in a level repulsion due to
nontrivial mixing near the would-be level-crossing point, see e.g. [29, 30, 31, 32] for recent investigations on this phenomenon.



2.2 The 1d long-range Ising CFT

The critical 1d long-range Ising model is expected to develop symmetry under Mobius transformations
of the line, and is thus described by a 1d CFT [33]. Informally, a 1d CFT is a theory living on a line,
whose correlators transform covariantly under the group PSLa(R) of real fractional linear transformations
T — gﬁ_‘g with ad — bc = 1. 1d CFTs are inherently non-local. Indeed, a local 1d theory with PSLy(RR)
symmetry and invariant vacuum would necessarily be topological as the stress tensor vanishes. Examples
of 1d CFTs include conformal boundary conditions of 2d CFTs, conformal line defects in general-d CFTs,
as well as the boundary duals of QFT in AdSs, and fixed points of 1d long-range models. We refer the
reader to [34, 35, 36, 37] for some previous literature on general aspects of 1d CFTs.

Besides the PSLo(R) and global Zs symmetry, the 1d LRI also features parity symmetry, acting on the
line as x — —x, which combines with PSLa(R) to form PGLy(R). Note that in the context of line defects,
parity is usually called S-parity [38, 39]. Furthermore, 1d LRI is a reflection-positive theory, and therefore
its analytic continuation to Lorentzian signature is unitary. We will now describe the bootstrap definition
of a unitary 1d CFT with parity symmetry, and then discuss several nonperturbative features of the 1d
LRI CFT, namely its protected operators and OPE ratios.

2.2.1 Unitary 1d CFTs with parity symmetry: the bootstrap definition

In a unitary (=reflection-positive) CFT, the space of local operators carries a positive norm, which makes it
into a Hilbert space V.> Due to Mobius symmetry, V is a unitary representation of the group éig(R) X Do,
where the second factor represents parity. This group is the universal cover of SLa(R) x Zo, itself arising as
the real section of the complexification of PGL2(R) which preserves the inner product of radial quantization.
V' decomposes as a discrete direct sum of unitary irreducible lowest-weight representations of éig(R) X Lo

V=EDa,- (2.4)
=0

The lowest-weight state in Dp, s, corresponds to a local primary operator ¢; at = 0. A; is the scaling
dimension of ¢;, and J; € {0,1} its parity, so that  +— —x acts as ¢;(0) — (—1)7i¢;(0). The sequence of
ordered pairs ((A;, J;))2, is called the spectrum of the theory. Reflection positivity implies A; > 0. We
have Ag = 0, Jy = 0, corresponding to the vacuum (in other words, ¢ is identity operator 1). Correlation
functions of ¢; are invariant under PGLg(R), which maps point x to ‘”H’ and the field ¢ to ¢, given by®

&' () = sign(ad — be)”| — cx + a|~2Dig; ( dz—b ) . (2.5)

—cz+a

Local operators satisfy the operator product expansion (OPE). The PGL2(R) symmetry constrains it to
take the form

Ap+Ai = Aj)n
bi(xq ¢J 2) chk Jk‘$1| A A+Akz( kn'(QAk) ) 21905 o (22) (2.6)

where here and in the following we assume x;; = x; — z; > 0. ¢;jx are the OPE coeflicients, also known
as structure constants. Reflection positivity implies that we can take c;;; € R, which we will assume from
now on. The spectrum and the structure constants are together referred to as the CF'T data.

5The reflection operation is defined as the composition of parity with complex conjugation.

SNote that -4 +b,1 is the inverse of ‘”is Indeed, when a symmetry g acts on a space by = + gz, the induced action

on functions sends fto f'(x) = f(g7'z). | — cx + al is defined using a representative g € GL2(R) of [g] € PGL2(R) with
|det(g)| = 1.




The CFT data contains all the information needed for calculating any correlation functions of local
operators. In particular, up to n = 4, the n-point functions of primary operators take the form

(¢i(x1)) = dio

1 Ji(sl..
(@uan)oy(an)) = {2t
eV _ Cijh (2.7)
(00)0y 22)0(03)) = s e
214\ 29 [ 214\ OH Gijki(2)
en)osloontaaton) = (224) 7 (24) 7 o B oo
where Aj; = Ay — Ay, Ajji = A+ Aj — Ay, and
L = T12%34 (2.8)
N L13T24 '

is the cross-ratio, satisfying z € (0,1) for 1 > za > x3 > x4. Since the three-point functions are

proportional to the structure constants, the latter satisfy (anti)-symmetry under permutations of labels
Cijk = Cjki = Crij = (= 1) ey = (1) T4 ity = (<1) T e coiy = 6y (2.9)

The CFT data must be compatible with associativity of the OPE, most tangibly expressed as crossing

symmetry of all four-point functions. In practice, we use either the ¢;¢;, or ¢;¢, OPE, in the form (2.6),
inside the four-point function (¢;¢;dr¢e). This leads to the crossing equations

o0 o0
A NG A, A R AVNAVNAVNAY:
Gijke(2) = Y _ CijmChom(—1)"" G702 (2) = Y Cjpmem (—1)m G (1 - 2) (2.10)

Ajr’LA]"A'“’A[(z) are the 1d conformal blocks,

holding for all 7,7,k,f € Zxo and all 0 < z < 1. Here G5
computed in [40, 41, 42], taking the form
GRVMIERA () = A TAL BV AL — A+ A A+ Ay — Ay 20, 2) (2.11)

m

In summary, a unitary 1d CFT with parity symmetry can be defined as the collection of data ((A;, J;))52,
Cijk, with A; > 0, ¢;5; € R and subject to (2.9) and (2.10).

2.2.2 The range 0 < s<1/2

In this region, the IR fixed point of (2.2) is at Ay = Ay = 0. The critical behavior is described by GFF of
dimension A, = (1 — s)/2, which is a simple example of a 1d CFT, as defined above. The GFF is indeed
invariant under the Mobius group including parity, as well Zs global symmetry. ¢ is even under parity
and odd under the global Zs.

A basis of local operators of the GFF is obtained by forming normal-ordered words using letters 0"
with n € Z>o. The normal order eliminates any Wick contractions of ¢ fields at the same point, hence
the conformal covariance of the correlators of such operators is a trivial consequence of the conformal
transformations of the covariance C(z).

The spatial derivative 0 is even under the global Zs and odd under parity. Therefore, the states are
counted by the generating function

1
Zavr(z,y,q) = try (2%y'q”) = o : (2.12)
[1(1—zyrgtae)
n=0



Here D is the dilatation operator, (—1)® is the generator of the global Zs, while (—1)” is the generator of
parity. Note that we should impose 2 = y? = 1 on the RHS. The partition function counting primaries
only is

Zerr(2,y,q) = 1+ (1 —ya)[Zarr (2,y,q) — 1] (2.13)

Note that the lightest Zs-even and parity-odd primary, schematically ¢393¢, has dimension 3 + 4A,.

2.2.3 Therange 1/2<s<1

In this region, the fixed point of (2.3) defines a one-parameter family of 1d CFTs that reduce to the GFF
at € = 0.7 At € > 0, the perturbative fixed point will in general give reliable results only at ¢ < 1.
Nevertheless, there are some facts about this family of 1d CFTs that remain valid also nonperturbatively
at finite e.

Firstly, the interacting fixed point still possesses a Zo global and parity symmetry. Secondly, the long-
range nature of the fixed point implies that certain scaling dimensions are protected. Only the Gaussian
part of the model is long-range, while the ¢ interaction is fully local. It follows that (2.1) is valid also in
the IR for all 0 < s < 1.

Furthermore, as a consequence of the Schwinger-Dyson equations, we have the following identification
(up to contact terms):

( / dyClz — )e(y) ...) = Pup(@)® ...). (2.14)

Since the inverse covariance is not a differential operator for s < 2, and its action coincides with a shadow
transform [43], ¢ and ¢ are two distinct primaries that form a shadow pair [33]. It follows that the
dimension of ©? is also protected

Apg=1-A,=(1+5)/2.

We will refer to these protected operators more abstractly as o and y, with the understanding that in the
¢* description we have the identifications o ~ ¢ and x ~ ¢3. In particular, we have A, = (1 — 5)/2 and
Ay = (1+s)/2forall s e [1/2,1].

Finally, since the Schwinger-Dyson equation effectively allows us to build x as the shadow transform
of o, it implies nonperturbative relations between various OPE coefficients [33, 44, 14]. Specifically, for
any four primaries ¢;, ¢;, ¢r, ¢¢, we have

AU+Ai_Aj+aij 1’\ AU_Ai+Aj+aij I‘\ 1-As+Ar—Aytagy I‘\ 1-As;—Ap+Aptage
CoijCxkt 2 2 2 2

cxijccrkf F (17AU+A2Z'7AJ'+(J,¢]') F (17A0-7A5‘+Aj+ai]'> 1—\ (A0+Ak;Ag+akZ> 1—\ (Ag*Ak;’Aé‘i’ak@) 9

(2.15)

where a;; = [1 — (=1)777]/2 = J; + J; mod 2. A derivation appears in [44] and in our Appendix G.
In the particular case ¢; = x, ¢, = 0, ¢; = ¢y = O, for a general primary O, this relation becomes

r <1+J027Ao)2 T <1+Ao+éfo—2Ag) T (2AG+A(29+J071
(Coy0)? = CorOCyO - (2.16)

r (AO;JO>2 r (Ma—%owo) T (2—2Ag—2Ao+Jo>

When O is odd under parity, Bose symmetry (2.9) implies c,o0 = ¢yx0 = 0. Equation (2.16) then implies
that either csyo = 0 or Ap is a positive even integer, so that a pole of the first gamma function in the
numerator has a chance to cancel the vanishing factor c,,0c,y 0. These protected operators can be thought
of as double traces built out of o and Y, together with an odd number of derivatives. As the mean field

"For the LRI model in general dimension d, in [33] it has been proved to all orders of the ¢ expansion that the scale
invariance of the fixed-point theory is enhanced to full conformal invariance.



description near s = 1/2 shows, the case with one derivative is a descendant of ©*, and the protected
operators thus have dimensions 4, 6,8, .... See also [45] for a recent discussion of these operators from a
different point of view.

Since there are no local conserved currents in the long-range model, we expect all other operators to
get nontrivial anomalous dimensions, and thus lift any degeneracies present in the GFF. We refer the
reader to [44, 25, 26, 14, 27], for detailed perturbative results in the ¢* formulation and up to three loops
in e-expansion.

2.3 Anderson-Yuval-Kosterlitz model

In this section, we review the relation between the partition function of the 1d LRI model for s < 1,

Z1R1 = Z e PR (2.17)
{oi}

and a Coulomb gas of kinks with alternating charges. The main idea, which goes back to the work of
Anderson and Yuval in [22], is to view the locations of the domain walls, i.e. the sites ¢ where the spins
o; flip sign (see fig. 2) as the weakly coupled degrees of freedom for 1d LRI. We will refer to a domain
wall configuration from 1 to —1 (—1 to 1) as a kink (anti-kink). For s < 1, such domain walls are indeed
diluted at low temperature, where the model is in the ordered phase.

For s = 1, upon rewriting LRI in terms of kinks and anti-kinks, Z1rr is seen to be equivalent to the
following Coulomb gas partition function [22] (see also the related previous work [46, 47, 48] and the review
in [49]):8

+o0o 2n
n dx; (=19 log(|lzi—xi|/a
ZCoulomb = ZQQ /12 . (H 7) 62‘721<]( 1)'=7 log(|zs—x;|/a) , (218)
n=0 n\@) =1

where positive and negative charges are associated to kinks and anti-kinks, respectively, and in accordance
with the domain wall interpretation they need to alternate along the line. The domain of integration is:

Ln(a)={L/2>x1>x2>...> %y >—L/2 | z; —xiz1 > a} . (2.19)

The fugacity of the gas of kinks is g = exp(—K —c J), for some constant ¢ and with IC being the short-range
coupling that is added to the LRI in order to have two independently-tunable couplings. The expansion in
powers of the fugacity should be valid at low temperatures (i.e. large J and K, or small g), where domains
are large and the domain walls are thus very diluted.

In writing (2.18), a continuum limit has been implemented, while keeping a UV cutoff a (inherited
from the lattice cutoff) in the form of a hard core repulsion.” The IR regularization instead has been
implemented by choosing a finite L. Physically, this can be seen as defining the LRI model on the infinite
line, but with a strong magnetic field in R\[—L/2, L /2], forcing all the spins to point in the same direction
in the complement of the interval [—L/2, L/2], and thus excluding kinks in that region.!’

For s < 1, as found by Kosterlitz in [23], rewriting LRI in terms of kinks and anti-kinks leads to a
modification of the Coulomb gas, where the logarithms of Zgouomp are replaced by a power-law potential:

+o00 2n
n dx; (1) (1—8) " (12— | Ja) 1= —
Zavk =3 ¢ /IQ()(Ha ) (27 Sy (1) 0= (g ) =1) (2.20)
n=0 nl@) =1

This modified Coulomb gas model, which reduces Zcoulomp for s — 17, is what we call the AYK model.

8In appendix B, we provide a simplified derivation of the this model from the ¢* formulation of LRI.
9The UV cutoff can actually be removed for J < 1/2, as the singularity at coinciding points is then integrable.

10 Alternatively, one can define the model with periodic boundary conditions; however, one should keep in mind that in this
sin(m|r; —rj |/L) )

case we should also change the argument of the logarithm as in log( e
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From the AYK model, by means of a primordial version of the Wilsonian RG, AYK obtained the RG
flow equations for the renormalized parameters J(a), g(a) with respect to the cutoff length a:

dg _ _ 3
dJ '

The flow diagram associated to such beta functions is displayed in fig. 1. At s = 1,the associated flow has
a similar structure to the BKT transition [49]: a line of fixed points at g = 0, parametrized by J, which
are attractive or repulsive in the IR, depending on the sign of J — 1; the line ending at ¢ =0 and J =1
in the IR corresponds to the phase transition between order (¢ = 0, i.e. no kinks, in the IR) and disorder
(g ~ O(1), i.e. proliferation of kinks, in the IR). At s < 1, the line of fixed points disappears, leaving only
an isolated fixed point, which is the continuation of the g = 0 and J = 1 fixed point of s = 1. One of our
purposes will be to reproduce these RG equations from a modern perspective, in the language of CFT,
and at the same time provide a framework allowing to systematically improve them and produce other
results.

l.Oj \\ | // 1.0 \\ | //
agm \\\i_«//////;//// ”l“\\\;x‘//////i////
N Ny
0.6/ ‘\_/ 0.6 - // /
IINTS S N2
. < i \

il

1\ s P/

N
0.0 00 @ = =S
Y 0.5 1.0 15 2.0 25 30 0.0 0.5 1.0 15 2.0 25 3.0
J
(a) s=1 (b) s =10.9

Figure 1: The RG flow for the beta functions in (2.21), at s = 1 and s = 0.9. Arrows point
towards the IR. At s = 1, the g = 0 axis is a line of fixes points, but we have emphasized in
blue and red the special points J = 0 and J = 1, respectively. The red lines separate the
diagram into three or four regions: region I is the low-temperature broken phase (¢ = 0 in the
IR); region IT is the high-temperature symmetric phase (g ~ O(1) in the IR); regions 1] and
IV are inaccessible to the LRI. The latter indeed corresponds to a one-dimensional subspace
such as the dashed blue line (see (B.6)). The intersection of such line with the red line defines
the critical coupling 7. (i.e. critical temperature at fixed bond strength J, if 7 = J/T).

2.4 Insights from the 1d short-range Ising model

Another important insight for developing a theory of the LRI model near s = 1 comes from scrutinizing
the possible physical content of the theory at s > 1. As reviewed above, for d > 2 and s > s*, the LRI
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crosses to the SRI universality plus a decoupled GFF sector [10, 9]. What changes when d = 17 As we
argue below, the physics is bound to be not so different from that of the classical 1d SRI model, indeed:

1. For 1d LRI, there is no phase transition at finite temperature for s > 1, just as for the 1d SRI. This
was established rigorously in [19];

2. At s =1, from eq. (2.1), the LRI field has a vanishing scaling dimension, thus matching that of the
1d SRI at zero temperature, e.g. [50]. We return to this point below.

At the same time, the physics cannot be exactly that of the classical 1d SRI model. The classical 1d SRI
model in a magnetic field h is given by the Hamiltonian

K
Bt =5 Y (o1 —0)*—hY oi, K>0, (2.22)

1
and it is easily solved, in particular by transfer matrix method. The latter underlines the standard classical-
to-quantum mapping [51, 52, 53], and in the continuum limit we can think of the classical 1d SRI model
as a quantum SRI in transverse field in zero dimensions, i.e. the quantum mechanics of a single Ising spin,
with Hamiltonian

Hg=—v61—hoy, (2.23)

where 6, are the standard Pauli matrices and
2y = logcoth(K) = €71, (2.24)

with & the correlation length of the classical Ising chain at h = 0. We see that the correlation length
diverges only for v — 0, i.e. X — 400, corresponding to the zero temperature limit of the classical
model. The critical SRI model is thus located at v = h = 0, that is, it is described by a trivial quantum
Hamiltonian.

Correlation functions of the classical Ising chain with periodic boundary conditions are mapped to ther-
mal expectation values of time-ordered operators in the quantum theory, where time-dependent operators
are defined by the imaginary-time evolution under ﬁQ. The imaginary time and the inverse tempera-
ture of the quantum model are identified with the position z and the extension L of the classical model,
respectively. At the critical point, the two-point function of the classical Ising field then simply becomes

~¥,h—0 1
—_—

(0(@)o(0)) = - tr [ H263(2)63(0)| Srled]=1. (2.25)

ZQ
Therefore, the Ising field becomes a field with vanishing scaling dimension, and operator representation
given by the Pauli matrix 3. Notice that when approaching the critical theory along the h-axis at v = 0,
we select (for L — oo) as ground state of I:IQ the eigenvector of 63 with eigenvalue +1, depending on the
sign of h, hence the spontaneous magnetization (o) is discontinuous at zero temperature.

Given the facts we just recalled about the SRI, we would expect that at s > 1 the critical LRI, with
classical Hamiltonian (1.1), would be described by the degrees of freedom of a C? Hilbert space, with
trivial correlators. However, as in d > 1, this cannot be the end of the story, because it would imply
that at the crossover some operators would disappear from the spectrum. For example, by continuity of
spectrum, at s = 1 we should find two Zs-odd operators with opposite parity and of dimension exactly
equal to one, corresponding to ¢ and Jy in the p* description (see Section 2.2), but clearly the SRI alone
cannot provide such operators.!!

HFollowing [9, 10], we could try to account for the missing operators by adding to the 1d SRI a GFF y of scaling dimension
Ay = (14 s)/2, that could be identified with 3, and that should be decoupled from the spin degree of freedom at s > 1.
However, we would still be missing the parity-odd operator corresponding to dp, as it would be unclear how to introduce
derivatives of 3. Moreover, it would be unclear how to couple the two sectors at s < 1 in order to flow to the LRI CFT:
if for example, combining insights from the above reminder of 1d SRI and from [9, 10], we introduce the defect operator
trfexp(h [ dz 63 x(z))] in correlators over the C>*+GFF theory, we obtain a trivial result, as the trace vanishes.

12



The solution, to be presented in the following section, will come from matching the theory at s =1 to
the AYK model.

3 The weakly coupled model near crossover

As reviewed above, the dynamics of 1d LRI model at s < 1 is described by a gas of kinks-antikinks with
alternating charges. For s = 1, the same Coulomb gas can also be obtained as a perturbative expansion
of the Kondo model [22]. In its bosonized version, the latter is very similar to the boundary sine-Gordon
model, except for the presence of Pauli matrices in its action, enforcing the alternating order of positive
and negative charges in (2.19).12

In this section, we introduce a model that, generalizing the bosonized Kondo model, provides a field
theory whose perturbative expansion reproduces the AYK model also at s < 1, and that has the correct
operator content to match the ¢* description. We elucidate various aspects of such model, arguing that
even at s = 1 the observation by Anderson and Yuval needs a refinement, as the Kondo model leads to a
larger spectrum than the LRI.

3.1 Compact generalized free fields with negative scaling dimension

As a preliminary step towards introducing the full dual model for 1d LRI near s = 1, we first introduce a
dual GFF, that will provide a basis around which to construct the perturbative treatment. From here on
weset s=1—0, with0 < <« 1.

Consider the 1d GFF ¢ of negative dimension A, = —6/2, whose target space is a circle of circumference
27’[‘/b0:

p~od+2mn/by neZ. (3.1)

Note that the inverse radius has mass dimension [bg] = 6/2, and we thus write by = £%/2, for some mass
scale x, such that by — 1 for § — 0.

As we review in Appendix A, for —1 < Ay < 0, the noncompact 1d GFF can be rigorously defined [58]
as a probability measure on the space of distributions R — R defined modulo an additive constant. In fact,
the resulting random distribution is almost surely a continuous function modulo an additive constant. In
other words, such GFF preserves shift symmetry. Hence, we can compactify the target space and define a
compact version of such GFF on the space of continuous functions R — Sll Jbo"

We denote the expectation value in this compact GFF theory by (-)g. The covariance kernel C'(z) =
(p(x)(0))o is defined only up to an additive constant, as discussed in Appendix A.2. This simply means
that ¢ is not a well-defined random variable. However, for practical calculations we still deal with its co-
variance in intermediate steps, hence it will be convenient to fix its form. We will choose the normalization
and the additive constant so that the covariance has a well-defined limit for § — 0:'3

2 _
Cla) = - (|z]° — £7%) = —2log(kl|z]) + O(9) . (3.2)
Due to the identification in field space, all well-defined observables must be built out of 9¢(x) with
n > 1, and vertex operators e0?() with n € Z. The correlators of O p(x) are obtained straightforwardly
as derivatives of (products of) C(x), and so they are clearly independent of the additive constant; those of
the vertex operators will be discussed below. All such operators have positive dimension, and the resulting

theory is unitary, as proven rigorously in [59].14

12The relation between Kondo and boundary sine-Gordon models has been elucidated in [54]. We refer also to [55, 56, 57]
for reviews of the CFT approach to Kondo and boundary sine-Gordon models.

BNotice that continuing to § < 0 this normalization would differ from that of the GFF in Section 2.1.

MMore precisely, in [59] the authors proved reflection positivity of the fractional Brownian motion, that is obtained from
the GFF ¢ by fixing its value to be zero at the origin.
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Remark 1. We point out that while this GFF might seem a bit exotic, its status is not much different
from the standard massless scalar field in d = 1. The latter corresponds to taking § = 1, and thus
has negative scaling dimension. Therefore, it also needs to be defined by modding out its zero mode,
and thus also in this case the well-defined random variables are those that are independent of the zero
mode. In particular, the variable ¢(x) — ¢(0) corresponds to the standard Wiener process (Brownian
motion), and the growth of the covariance reproduces the well-known linear growth of the Brownian
motion: ((¢(z) — #(0))?)o ~ |z|. The generalization to § # 1 is known as fractional Brownian motion,
and it was introduced long ago in [60]. Lastly, the compactification simply corresponds to the restriction
of the random process to a circle, and in the 6 = 1 case it is known as O(2) rigid rotator in the physics
literature (e.g. [61]).

Remark 2. Let us ignore for a moment the vertex operators, and define x(z) ~ 9y¢(x). With the
measure defined by the expectation value (-)g, such field x together with its derivatives and their composite
(normal ordered) operators form a set of operators of a CFT (as defined in Section 2.2.1), closed under
OPE. Clearly such CFT is nothing else than the GFF x of conformal dimension A, = 1 — /2. In this
case, the compactification of ¢ has no role and it would be more logical to directly start with the GFF .
However, as will become clear below, in order to construct a dual theory of the 1d LRI we need the vertex
operators. These would be nonlocal operators when written in terms of y, and although similar nonlocal
operators appear for example when writing correlators of the XY model in terms of a sine-Gordon field
[62], it seems more natural to work with the ancestor of x, namely the field ¢.

Remark 3. Once we include the vertex operators in our set of operators, the GFF ¢ is no longer a
CF'T, because at § > 0 their correlators are not conformal and they depend explicitly on the dimensionful
compactification radius 1/by (see below). Although the theory is Gaussian, the presence of a dimensionful
parameter leads to a classical renormalization group flow, that is, introducing a renormalization scale p
and defining bo = 1 ~%2by, we have a linear beta function ’850 = —%i)g. This has a UV fixed point at by = 0,
where the vertex operators become degenerate with the identity, and we recover the CFT of the previous
remark. Loosely speaking, we might qualitatively compare the situation to that of a standard free massive
scalar (with the mass playing the role of by), which likewise becomes a CFT only in the UV limit.

Correlation function of vertex operators. At § = 0, the vertex operators Vy,(z) = ™) are
defined with normal ordering'® and have the following correlators:

2nin;
(Via (@1) - Vi () = So,57, s | [ i — 507 (3.3)
1<J

where we temporarily keep by although it equals one at § = 0. This is derived precisely as in 2d [63],
because as reviewed in Appendix A.2, at 6 = 0 the field ¢(z) is just the boundary value of a free boson in
2d.

15The standard definition of normal ordering gives:

Val(x) =: em0(@) = oxp{ — 1 /dxldxz _0 C(x1 — x2) 0 e"00?@®) — oxp 771217(2) C(0) einbo®(®)
" ' - 2 oo (z1) oo (x2) 2 ’

where we typically regularize C'(0) introducing a cutoff a and replacing C(0) — C(a). We further multiply by N"ng, so that
by virtue of the neutrality condition ), n; = 0 the correlators are independent of .
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If we take n; = +1, and introduce the simplified notation Vi = V41, the only non-vanishing correlators
have an equal number of V; and V_, resulting in

2 2
[Tjcp [z — xp 0]y — af [

[T, |zj — 7] %% (3.4)

203 203 (2 i oy — il a) o[~} /a)— 53, log (5~ /a))

(Vi(@1) - Vi (@) Vo (&) -+ V()0 =

In the last expression, we recognize the structure of the Boltzman weight for the Coulomb gas in eq. (2.18),
except for the ordering constraint. Fitting with the Coulomb gas interpretation of such correlators, it is
common to refer to the parameters n; as “charges” and to the constraint on the total charge as “neutrality
condition”.

At § > 0, we can similarly obtain the correlators of vertex operators by using a standard trick (e.g.
proposition 23.6.1 of [64]). For a GFF ¢ of covariance C(x), we have the formula

(9l = e~2(@l1elNo (3.5)

where ¢[f] = [ dz ¢(z) f(z). Therefore, choosing f(z) = >, ;6(x —z;), where the test function constraint
J dz f(z) = 0 (see Appendix A.2) demands that the neutrality condition ) . a; = 0 be satisfied, we have

(elo1(@1) .. glond(zn)y ) — e~ 3C0) 3 af H e~ Czi—a;)

1<j

(3.6)

Since C(x) is defined only up to a constant, we could set C'(0) to zero. However, for the § — 0 limit we
choose C'(x) as in (3.2), and thus absorb C'(0) by a normal ordering of the vertex operators, consistently
with the § — 0 limit, where such normal ordering is needed because of UV divergences (see footnote 15).
We thus define the vertex operators at 6 > 0 as:

Vn(.%') _ KnQ . einboqb(oc) - an e%C’(O)n%geinbozt)(a&) ) (3.7)

Notice that while (3.6) is independent of x, the choice of normalization above will introduce a k-dependence
in correlators of vertex operators, due to shift symmetry. This choice, which appears to be slightly
unnatural at fixed § > 0, is the correct one if we wish to recover the § = 0 case in a smooth way.

At this point it should be clear that, identifying bga‘S = J, the Boltzmann weight of a configuration
of 2n kinks and anti-kinks in the AYK model in eq. (2.20) is proportional to the correlation function of
2n vertex operators, with alternating charges, for a 1d GFF ¢ of negative dimension Ay = —§/2, i.e. with
covariance (3.2):

(=1~

(Vi @)V (@2) ... Vi (@an-1)V- (22n))o = w210 Xicy 5 (mimasP=w0) (3.8)

Therefore, in order to generate the terms appearing in the AYK partition function, we need to perturb the
GFF by the vertex operators. However, in order to force the charges to alternate, we will need to form a
product of the vertex operators with an appropriate algebra of noncommuting operators. Coincidentally,
such algebra will be provided precisely by the Pauli matrices appearing in the 1d SRI.

3.2 Interacting model

We claim that the 1d LRI CFT can be identified with the IR fixed point of the following 1d continuum

model:
L/2

Zs(b,g) = <tr Pexp{ /_L/2 dz [g Og(x) + h Op(z)] }>0 , (3.9)
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where b = by — v/2h, and by = k%2, for some arbitrary mass scale x. The operators in the exponent are

Oye) =6, Vi(0) +6-Vo(2),  On@)=asx(e),  x(@)

with 64 = %(&1 +169). Here 6;—1 23 are the Pauli matrices

o1 = <(1) (1]> , b9 = (? 01) , b3 = (é _01) . (3.11)

Lastly, tr Pexp in (3.9) is the trace of the path-ordered exponential of the 2 x 2 matrix in curly brackets.
As a reminder, the path ordering means

Pexp (g/d:cA(a:)) => %P (/ dq:A(x>>n

n>0

. (3.12)
= g"/ dz; | A(zy)--- Azy) .
nzz() T12>T2>...>Tp <£[1 )
It is convenient to define the defect operator
D(zj,x;) = Pexp </ " e (g Og(x) + h(’)h(x)]> , (3.13)
so that the partition function (3.9) is'6
Z(b,g) = tr (D(L/2,—L/2)), - (3.14)

General correlators of operators Oy (z1),...,Opn(zy), with L/2 > 21 > 9 > ... > x, > —L/2, have the
form

(O1(x1) -+ Oplzn))p = ZL tr (D(L/2,21)O01(x1)D(x1,22)O2(x2) - - - Op(xn)D(xp, —L/2))y ,  (3.15)
S
where the operators O;(z) are in general matrix valued.

We have restricted the interaction to a finite region, i.e. the interval [-L/2, L /2], in order to regularize
IR divergences. Any other interval of length L would be equivalent, due to the translation invariance of
the unperturbed theory. We stress that we do not assume periodicity. As explained in Section 2.3, this IR
regularization should rather be thought as imposing that the LRI model has no kinks in the complement
of the interval [—L/2,L/2]. It is also understood that besides tuning to an IR fixed point, the 1d LRI
CFT should be obtained in the limit L — oo.

The first justification of our claim is that we reproduce the AYK partition function (2.20) by expand-
ing (3.9) in g. In order to see that, let us first set h = 0, and expand Z;(bo,g) in powers of g. Using
(3.12), with A = Oy, we find precisely (2.20), upon the identification b3 = 7. Indeed, since 6% = 6% =0,
only alternating chains of kink and antikink operators 6V, (z) and 6_V_(x) survive. Turning on h, we
will show below that it is equivalent to shifting by to by — v/2h, hence the partition function only depends
on the combination b = by — v/2h and the correspondence with AYK still holds, with 7 = b?. However,
keeping the Oy, term will prove essential in order to consistently renormalize the model, as we will show in
section 4. The fact that such field theoretic renormalization based on (3.9) will allow us to reproduce (and
go beyond) the beta functions (2.21) will provide a second justification of our claim. Further support, such

SNotice that in the periodic case, at s = 1, D(L/2, —L/2) is a special case (spin 1/2) of the “monodromy matrix” of [65],
that was used in [54] to establish a relation between the partition functions of the Kondo and boundary sine-Gordon models.
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as the matching of symmetries to those of the LRI and the fulfillment of constraints on the spectrum of
protected operators and on OPE coefficients, which are characteristic of the LRI, will be detailed in the
following.

The partition function (3.9) is similar to those encountered in impurity models [66, 67], and the path
ordering of 2 x 2 matrices can be traded for a path integral using a complex bosonic spinor z(z) =
{z1(x), z2(x)} subject to z(z)z(x) = 1, similarly to [68, 66, 67]. We will review this formulation in
Appendix C.1. One advantage of such “coherent state representation” is that the Pauli matrices are
replaced by fields, thus giving the model a more standard field theoretic appearance, and making it easier
to derive Schwinger-Dyson equations and introduce a gauging (as we do in Appendix C.2). On the other
hand, the “Pauli representation” is more convenient for doing perturbative computations, and it makes
the link to the SRI more transparent.

See also Appendix C.3 for an alternative formulation in terms of a (long-range) nonlinear sigma model.
The advantage of this other reformulation is to provide a different point of view on the compactness of ¢,
and to allow a more standard implementation of the gauging in the GFF sector. However, for practical
computations we are forced to solve the nonlinear constraints and thus reintroduce ¢.

Since the covariance of the GFF ¢ agrees with that of a free field in s+ 1 = 2— 9 dimensions, our model
can be formally interpreted as a one-dimensional defect for the (s 4 1)-dimensional free theory. At s =1,
the bulk is two-dimensional and the defect is a boundary condition, with the vertex operators becoming
conformal primaries of the Gaussian theory. The resulting s = 1 model then becomes the bosonized version
of the Kondo model [69, 54], already related to the LRI model by Anderson and Yuval [22]. However,
already at s = 1, a number of puzzles had not been addressed before, namely the field theoretic derivation
of the beta functions and the mismatch of operators between the Kondo fixed points and the LRI CFT.
Therefore, our ensuing RG analysis and identification of the spectrum of operators are novel even at s = 1.

For s =1 — 6 < 1, the model (3.9) is a genuinely new theory. It might seem rather unorthodox, since
Ay < 0 and since the vertex operators do not have a definite scaling dimension in the GFF. However, it
should be clear from the discussion above that the negative-dimension GFF is a well-defined QFT, and we
will see from the RG analysis (in particular end of section 4.3.1) that qualitatively the situation with the
perturbation is not too different from that of a standard massive free scalar perturbed by self-interactions,
which are also not scaling operators for a massive theory.!” Moreover, the analysis presented in the rest
of the paper should provide further evidence that it is a fully consistent theory.

3.2.1 Relation between h and b

Given that Oy (z) is a total derivative, it would be tempting to conclude that its contribution vanishes in
the case of cyclic boundary, and that it reduces to the insertion of new vertex operators at the boundaries
in the open case. However, such a conclusion would be wrong, as it does not take into account the path
ordering of Oy, with respect to Oy, and their noncommutativity. As we will now show, a proper treatment
of this interaction leads to uncovering a relation between the coupling h and the charge b of the vertex
operators.

In order to see that, we apply formula (3.15) to the perturbative expansion itself. Namely, if we expand
only in g, introducing a UV cutoff a, we obtain

5 (3.16)
e 6_V_(220)Dp(2n — a,—L/2))o

+oo
ZS =2 Zan/ ( tr<Dh(L/2,l'1 + a)5'+V+(:U1)Dh(IE1 —a,r2 + a)&,V,(xg) s
n=0 Lon

where the integration domain was defined in (2.19) (from now on we occasionally omit the Lebesgue

1"We notice moreover that similar types of non-polynomial non-scaling operators appear also in other contexts, such as in
Lagrangians of nonlinear sigma models and in low-energy effective actions of QEDg [70, 71].
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measure to slim down long expressions), and we introduced the partial defect operator

Di(aj,5) = Diy,a2);, o = Pexp <h&3 / ]dxx(ﬂs)> . (3.17)

At this stage, having decoupled the nonncommuting operators, we can perform the integration in the
exponent, to get
ih
Di(j,5) = exp (\@ b3 (8(z;) - ¢<xi>>) , (3.18)

and then use the commutation relation
e1003 5, etlads — 5, (T2 (3.19)
to write

e*%&?s(ﬁ(era) 64Vi(2) e+%53¢(1‘*‘1) =61 Vi(x) 6¥\/§ih¢(ac+a) e+%&3(¢(x*a)*¢(ﬂﬁ+a)) ’

3.20)
5 h(bov/2—h)C(0 (
a—0 T Vo1 yanmy) (%) € Gova-Re®,
where in the last step we took into account the definition of normal ordered vertex operator (3.7). There-

fore, for the partition function we obtain

+oo _— -
n —= O, L/2) ~ ~ — 1 5 —L/2
Zg =2 E gs /I ()tr<e\/§ 3 9( /)0+V1_¢§h/b0<1’1)"'U—V—1+ﬁh/b0($2n)6 5 03 9( /)>
n=0 2n (@

0
= 2Zg,%”/1 ( )tr <a-+‘/1*\/§h/b0(xl) 0-V_14 o, (®2n) Dr(L/2, —L/2)>0 ,
n=0 2n\d
where we have defined the multiplicatively renormalized coupling
g = geh(box/i—h)C(O) ] (3.22)

At § = 0, choosing the regularization C'(0) — C(a) = —2log(ka), inverting the relation between g and gj,
and expanding in powers of h, we find

9= 0n <1 + 2h(V2 — h)log(ka) 4 4h*log? (ka) + O(h3)> : (3.23)
Therefore, up to a boundary contribution,'® we find that the effect of the new interaction term is
equivalent to shifting by — b = by — h\/2, and renormalizing the coupling g. This implies that we can trade
a change in by for a change in h, or viceversa. This fact is often used in the Kondo model (i.e. at 6 = 0)
in order to set h = 0.1 We will instead set by to our favorite value (in particular, such that by = 1 when
0 = 0) and keep h # 0 in our model. As we will see in Section 4, the choice of keeping a nonvaninshing h is
forced upon us by the renormalization flow: indeed the choice h = 0 is not stable under renormalization.

81f we had defined the model on a circle, i.e. with periodic boundary conditions at = —L/2 and = = L/2, the factor
Dn(L/2,—L/2) would be trivial if ¢ was non-compact, while it would give a nontrivial monodromy in the compact case.

19The fact that one can trade b for h, or vice versa, is mentioned in various old papers about the Kondo model, but typically
it is either stated without explanation (e.g. [22, 54]) or expressed as a canonical transformation on the quantum Hamiltonian
(e.g. [69, 72, 73]). We have not found a proof in the literature that uses the path integral language as does the one provided
here.
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3.2.2 Covariant derivative and Schwinger-Dyson equation

The path ordering introduces some non-trivial dependence of correlators on the end-points of the partial
defect operator D appearing in the right-hand side of (3.15). Following [67], it is convenient for this reason
to define a defect covariant derivative D,, by demanding that

d

tr(...D,0(x)...)y = %tl‘<...0($)...>0 , (3.24)
which, because of (3.15), is equivalent to
D(x',2)D,O(x)D(x,2") = di (D(a',2)O(z)D(z, z")) . (3.25)
x

For the model at hand we easily find
D,O(x) = 0,0(x) — [9O4 + hOp,, O](x) , (3.26)

where [,] is the matrix commutator.

The covariant derivative allows us to understand if some operator is a primary or a descendant at the
conformal fixed point. Interestingly, D,O can be non-zero even if O has no explicit dependence on the
defect coordinate. An important example for us will be the case of O = &3, for which we have

Dybs = 29(64 Ve —6_V_). (3.27)

This also motivates the following notation. Since in the (...) notation the insertion of operators without
explicit z-dependence is ambiguous, we will sometime write &;(x) for the insertion of a Pauli matrix at
point x. For example, for L/2 > z1 > x9 > —L/2 we have:

<5’3($1)5’3({L‘2)>D = Zitr <D(L/2,xl)&gD(xl,xg)&gD(xg, *L/Q))O . (328)

S
We can now derive Schwinger-Dyson equations for our model, assuming for simplicity periodic boundary
conditions. As usual, we perform an arbitrary infinitesimal variation ¢(z) — ¢(x) +e(z) in the functional
integral, expand to linear order in (z) and demand that the correlators are invariant, because it is just
a change of variable in the functional integral, where the measure is translation invariant. Taking into
account the GFF action (A.15), we obtain
L)2

L/2
0= [ @O o)+ [ dee@ibogt V=6 V@) o

/md D o30,e(x)..)
+ T ——=(...030¢(x)..)D,
—L/2 V2 ’ P

up to contact terms involving other inserted operators. Integration by parts on the last term leads to
_ . . . ih
(C Log(a).. ’>D =ibgg(... (04 V4 —6_V_)(z)...)

(...D.63(x)...)p
=ig(bo — V2Rh)(... (64V4 —G_V_)(z).. ) ,

P2 (3.30)
where in the last step we used the covariant derivative introduced above. Notice that we find again the
combination by — v/2h, confirming again that the role of A is to shift by by —v/2h.

The Schwinger-Dyson equations (3.30), together with the fact that the inverse covariance C~! acts on
¢ as a shadow transform, imply that at the IR fixed point, if the latter is non-trivial, the spectrum of the
model contains a protected operator of scaling dimension 1 — Ay, odd under both Zs and parity. Notably,
this cannot be a primary, as in virtue of (3.27) it must be a descendant of 3. As we will see, for the
s = 1 LRI the only IR fixed point is the trivial one, and the two primaries do not recombine. On the other
hand, for the model at s = 1 —§, there is a non-trivial IR fixed point and the argument above implies the
existence of a protected operator of dimension 1+ §/2, which must be a descendant of 3. Moreover, the
latter must also have protected dimension A, = §/2.

(3.29)
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3.2.3 Symmetries

For g = h =0, the UV theory (3.9) has O(2) global symmetry acting on the target space circle of ¢, and
PU(2) global symmetry acting on the 2 x 2 matrix degrees of freedom A by conjugation. By turning on
O, and Oy, O(2) x PU(2) is broken to the diagonal O(2), generated by U(1) rotations and Zy reflection

U@) : o(x) — d(x) + a /by, A e71293 4159 (3.31)
Zs - qb(x) = —¢($) s A 51A6, s (332)

where o € R/277Z. The model (3.9) is natural, in the sense that at s = 1 the operators O, and O}, are the
only relevant or marginal operators invariant under this O(2).

The model also respects parity  — —z. In order for it to be compatible with the path ordering, and
to preserve O, and Oy, it must act as

parity :  p(z) = —¢(—z), A AT, (3.33)

In the next section, we will confirm the existence of an IR fixed point of (3.9) at b = 1+ O(8), g = O(\/9).
The fixed-point theory thus exhibits O(2) x parity symmetry.

From the point of view of the LRI model, the Zs symmetry can be understood as the usual Zs symmetry
for the original Ising spin in the absence of an external magnetic field. Indeed Zs maps kinks to antikinks,
and vice versa, hence it must swap up-spins with down-spins. Similarly, parity is in direct correspondence
with parity on the Ising side.

On the other hand, the U(1) symmetry has no counterpart in the LRI model. Therefore, we should
assume that the latter corresponds to a superselection sector of the model (3.9) with only operators that
are neutral under U(1). This is also known as the singlet sector, and we can restrict to it by gauging the
model, as discussed in Appendix C.

U(1)-invariance has the important consequence of excluding any vertex operators with charge n; dif-
ferent from +1. Indeed, under the U(1) symmetry, operators have the following charges

operator ‘ U(1) charge

96 0
Vn n (3.34)
03 0

&i F1.

This means that the space of U(1)-neutral local operators is generated by
A, Bads, CVi6y, DV_é6_, (3.35)

where A, B,C, D are words built out of the letters 0"¢ with n > 0.

At first sight, such a restriction might seem inconsistent, because already at g = h = 0, i.e. in the GFF,
the OPE of V with itself contains V_y. However, V. by itself is not in the spectrum of the singlet sector:
neutrality under U(1) requires that Vi be always multiplied by 4. And the product of 64V, with itself
vanishes because 6_% =0.

4 Renormalization group analysis

In this section, we discuss some perturbative computations for the model introduced in the previous section,
which we rewrite here for convenience:

Zs(b,g) = <tr Pexp{ / LL/; da [gOg(x) + h Op(2)] }>0 . (4.1)
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Expectation values (...)o are computed with respect to the GFF theory (A.15), with covariance (3.2). The
operators Oy, Oy, are defined in equation (3.10). We recall that the partition function depends on g and
b = by — V/2h, of mass dimension 0 and §/2, respectively. At § = 0, we are free to choose by = 1, so that
in this case the UV scaling dimension of both O, and O}, equals 1, but we should keep in mind that for
0 > 0, the coupling by has positive mass dimension and thus it has a (purely classical) running.

The UV divergences of the perturbative expansion are regularized by point-splitting, i.e. by intro-
ducing hard core repulsions as in (2.19), with cutoff length a. The UV divergences in the a — 0 limit
are then removed by including the appropriate counterterms, so that correlation functions of renormalized
operators are UV-finite when expressed in terms of the renormalized couplings. Beta functions and anoma-
lous dimensions are then obtained from the Callan—-Symanzik equation, which states that renormalized
observables are cut-off independent.

We shall distinguish between the model with s = 1, in which case a free boundary CFT is perturbed
by marginal primary operators, from the model with s < 1, in which case a GFF with a compact and
dimensionful target space is perturbed by composite operators that are not scaling operators. In the
latter case we do not have at the moment a proof that the theory is renormalizable to all orders of the
perturbative expansion, but we also found no evidence to the contrary in our computations. One reason
for expecting (3.9) to be renormalizable is that, as we will see below, at 6 > 0 the theory has a UV fixed
point, where both O, and O}, become relevant scaling operators. Therefore, at least in principle, we could
start from that manifestly renormalizable setting in order to construct our flow. In practice, this is not
very useful, because in this case Oy is strictly relevant (i.e. super-renormalizable) and the UV fixed point
turns out to be far from the IR one.?’. Moreover, at § = 0 one of the relevant perturbations of such UV
fixed point becomes exactly marginal, and it becomes impossible to reach the IR fixed point of interest in
this way. The solution is to work with (3.9) away from the UV fixed point at § > 0, but perturbatively in
¢ and thus close to the fixed point of the § = 0 model. Therefore, we begin our analysis from the § = 0
case.

4.1 Beta functions and fixed point at s =1

We compute the beta functions for the model with s = 1 by employing conformal perturbation theory (see
e.g. [74] for an extensive review). The basic idea is that it is sufficient to look at perturbative expansion of
one point functions of the perturbing operators, inserted at infinity. For an operator O(z) with dimension
Ap in a given CFT, its insertion at infinity is defined as

(O(00)...)cpr = lim 2?20 (0(x) .. )T, (4.2)

and its finiteness is a simple consequence of the conformal properties of correlators.

In our case, we will be considering (O4)p and (Op)p, where the expectation value (...)p has been
defined in (3.15), and it is here understood to be evaluated perturbatively in g and h. The fact that
correlators appearing in such expansion are the GFF correlators, and hence they are all conformal at
6 = 0, guarantees the existence of the limit.

In this setup, as long as the IR cutoff L is kept finite, UV divergences in the a — 0 limit can always be
removed via coupling renormalization. Indeed we do not need to renormalize the operator inserted at oo,
as it will never be at coinciding point with an operator from the interaction (as long as this is restricted
to a finite interval), and thus it will be sufficient to renormalize the coupling.

20There is a similar problem when deriving the BKT flow diagram from the sine-Gordon model [62]
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Expanding to quadratic order in the couplings, we have

L2
Ea(oon =5 (@) [ dafx(oo) (o

L)2

L/2 1—a
+ / dxl/ dxzg tr[{asx(00)o4+Vi(x1)o_V_(22))0 + (12)]

L/2+a L/2
(4.3)
:hL+%Il+... ,
L/2
N g A A
@4Vi(eo)p =g ti(ora-) [ | o Vo
gh L/2 T1—a
+ 5 dzq / dzgtr [(64 Vi (00)o_V_(x1)03x(22))0 + (12)]
—L/2+4a —L/2
+... (4.4)

g gh
=2 L+ Ih+...
Lt St

where (ij) means exchanging the operators located at z; and x; while preserving the path ordering. The
factors of 1/2 on the right-hand side are due to the partition function in the denominator appearing in
the definition of the expectation value (3.15).

For the terms linear in the couplings, we used that 63 = 1 (the 2 x 2 identity matrix), tr(6;6-) = 1,
and that the two-point functions of y and Vi are unit normalized.
The three-point functions are given in appendix D, and their integrals evaluate to:

I} = I, = —2v2L(1 + log(a/L)) 4+ 2v2a. (4.5)

Therefore, eq. (4.3) and (4.4) feature UV divergences as a — 0, which we can remove by expressing the
bare couplings in terms of renormalized couplings (denoted with subscript r) as follows:

9= g0 +2v2g:helog(a/L), b= he +v2g2log(a/L). (4.6)

At the next (i.e. cubic) order in the perturbative expansion, we have:

. hg? . . . .
<0—3X(OO)>D‘cubic order % @) tr [<U3X<OO)J+V+(x1)U—V— (1’2)03)((.%’3»070 +5 perm']
I3(a
h3
+ tr (G3x(00)a3x(21)F3X (72)F3x(23))0,c

I3(a)
= hg’LIs+h3L 14,

gh?

<&+V+(OO)>D‘cubic order 7 /I @ tr [<6+V+(OO)&—V— (I1)63X($2)5’3X(¢T3)>0,c +2 perm']
s(a

93

+5 ( )tl" (64 Vi(00)6-V_(21)64 Vi (22)64 V- (23))0,c
I3(a

=gh’L I+ ¢°L I, (4.7)

where the integration domain was defined in (2.19), and (...)o. means that we are taking the (order-
respecting) connected correlator, obtained by taking into account the expansion of the partition function

22



in the denominator of the expectation value (see again (3.15)). In the case of four-point functions for
generic operators O;, the connected correlator is:

/ t1(Oo0 (00)O1(21)O2(22)O3(x3))0,c = / t1(Ooo (00)O1(21)O2(22)O3(23) )0 (4.8)
I3(a) I3(a)

L2
—/ day tr(Ooo(oo)Ol(xl))o/ tr(O2(22)O03(3))0 ,

—L/2 I>(a)
where we used the fact that in the unperturbed CFT one-point functions vanish. Evaluating the integrals,
we find:
9 2m?

I3 = 2I5 = 4log“(a/L) + 10log(a/L) + 10 — 3 +log2+...,

Iy=-2—-1log2+...

Is = log?(a/L) + 5log(a/L)/2 — (7r2 -12) /6 +..., (4.9)
where we have implicitly subtracted power-law divergences, and the dots stand for vanishing terms as
a— 0.

Plugging these integrals into (4.7), the relation between bare and renormalized couplings at cubic order
is found to be:

9= g:+ 9 (2V2h: — g7 — 202) log(a/L) + 29, (g7 + 2h%) log*(a/ L),

h=h+ g2 (\f — 2hr> log(a/L) 4 4¢*h; log*(a/L). (4.10)

Note that the terms linear in g, in the first equation exactly reproduce (3.23), up to a finite redefinition
of g, (unless k = 1/L), thus providing a useful crosscheck. However, we should stress the importance of
keeping h in the action, rather than eliminating it in favor of a shifted b. Indeed we see that the ¢> term,
i.e. Is, has a double-log divergence, and as there is no g2 term in the renormalization of g, the gh term is
crucial for the cancellation of such term, and thus for the consistency of beta functions.

The beta functions for the bare couplings are given by their derivative with respect to log(1/a) at fixed
renormalized couplings:?!

Bg = —a5, Bh = —a-, (411)
which, upon re-expressing everything in terms of the bare couplings, give
By = —2gh(V2 —h)+ g* + O(¢°h,g°), Bn=—g*(V2—2h) + O(g*h* g*). (4.12)

Two comments are in order. First, we notice that the beta functions are invariant under the reflection
h — /2 — h. Remembering that b = 1 —v/2h (cfr. Section 3.2.1), this is nothing but the invariance under
b — —b of the model. Second, in terms of b = 1 — v/2h, the beta functions translate to

By =W =g +¢° B =4bg, (4.13)

which at leading order agree with (2.21), at s = 1, with J = b°.

21 Alternatively, we could define beta functions for the renormalized couplings, by deriving them with respect to L, at fixed
bare couplings. The two schemes are related by a coupling redefinition (e.g. [75]).
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Fixed points

From the computing the zeros of the beta functions above we find one line of RG fixed points at g* = 0,
parametrized by h (or b), with the BKT structure of the RG flow around the special point g = h =0 (or
g =0and b= 1), as shown in fig. 1(a).

Along the line of fixed points we find one marginal operator (i.e. x), and one operator with scaling
dimension Ay = 1 — 2h(y/2 — h) = b%. The latter is the dimension of the vertex operator (with by = 1
replaced by b), which becomes relevant or irrelevant at h > 0 or h < 0, respectively. As explained
before, the vertex operators changing from relevant to irrelevant corresponds to the transition from the
disordered to ordered phase. Indeed, as found in [22], and reviewed in appendix B, the original LRI model
corresponds to a line in the {g,h} plane, parametrized by J = J/T, where J is the Ising coupling and
T is the temperature. The critical temperature corresponds to the point at which such a line intersects
the RG trajectory that in the IR ends at ¢ = h = 0, which therefore is the fixed point characterizing the
universality class of the phase transition. However, the approach to such a fixed point is via a marginally
irrelevant operator, because the operators O, and O), are marginal at the fixed point. Therefore, we expect
to find logarithmic corrections to scaling in the IR. See Appendix E for more details on this.

4.2 Spectrum at s =1

At the fixed point g = h = 0, the theory at s = 1 consists of a compact GFF ¢ with Ay = 0 (or equivalently,
the Neumann boundary condition for the d = 2 free compact scalar ®, see Appendix A.2) and radius 1,
together with an auxiliary C? Hilbert space. As explained in Section 3.2.3, the LRI CFT is obtained by
restricting to the U(1)-singlet sector.

In light of the list of possible U(1)-singlet operators in (3.35), we can write down the generating function
for the full spectrum at s =1

142+ qg+2yq
Zi(2,y,9) = try (2°y"4") = = : (4.14)
[1(1—=zyrtiqn)
n=1

Here D is the dilatation operator, (—1)® is the generator of the global Zs, while (—1)” is the generator of
parity. The construction of (4.14) is the following: the numerator provides the seeds for the parity even
or odd operators with or without vertex operators, i.e. 1, 63 and V&4 + V_6_, while the denominator
accounts for the possible words A, B, C, D in (3.35), assigning them a factor z for each power of ¢, a factor
y for each power of 0 and ¢, and a factor ¢ for each power of 0.

The generating function for primaries only is

Zi(z,y,q9) = 14+ (1 —yq)[Z1(z,y,q) — 1], (4.15)

where, after having isolated the identity contribution, we subtract the operators that can be written as a
total derivative.
We can use Z7 to produce the following table of multiplicities of primaries, up to scaling dimension
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Alldey | doe |dy |d__
o 1t o] 1o
1l 20| 1]o0
2l 1] 0] 1] o0
31 210 1|1
4 21 11] 310
50 4]0 2| 2 (4.16)
61 3 |3 |5 |1
717 1] 3|5
8| 5|6 | 9 | 2
913|216 |09
10 8 | 12|16 | 4

Here d,; stands for the dimension of the space of primaries with Zs charge a and parity charge b.

The first Zg-even, parity-odd primary appears at A = 4, in agreement with what we saw at s = 1/2,
in Section 2.2.2. This is reassuring since, as explained in Section 2.2.3, we expect a tower of protected
Zs-even parity-odd primaries with A = 4,6,... to be present for all s € (1/2,1).

There are two operators of A = 0, namely the identity and 3. The latter is Zs-odd and parity-even,
so we can identify it with the s — 1 limit of the operator o. Moving on to A = 1, we find the following

operators
operator ‘ (—1) ‘ (-1)7

96 -1 | +1
Dd6s +1 | 41 (4.17)

Vio+Vio_| +1 | +1

Vigy —Vio_| —1 | —1.

We can identify the first line with y ~ ? (in hindsight, this is why we defined y = %&é in (3.10)). The
second and third line are two linearly independent marginal operators which are uncharged under both Z,
and parity. Finally, the last line is needed to recombine with the trivial A = 0 conformal multipliet of o
to form a conformal multiplet with A, > 0.

4.3 Beta functions and fixed point at s < 1

Next, we discuss beta functions for the model at § > 0, i.e. s < 1. While the coupling ¢g that multiplies
the generalized vertex operators remains dimensionless, the coupling h that multiplies y has now (mass)
dimension equal to §/2, and so we expect the beta function of h to start linearly in h. More drastically,
while the correlators of Oy, remain conformal, O, is no longer a scaling operator at 6 > 0 and its correlators
are exponential functions. Nevertheless, the structure of perturbation theory remains similar to that of
the s = 1 model. In particular, for the computation of beta functions, we will again restrict the interaction
to a finite interval and renormalize one point functions of operators O, and O, inserted far away from it.
Generalizing (4.2), we define

(O(00)...)p = lim 2@ )

M 000 (4.18)

Unlike for the conformal case (4.2), it is in general nontrivial to show that the above definition leads to a
finite result. Fortunately, our UV theory is GFF and upon applying Wick’s theorem, it is straightforward
to see that the above limit is finite for any primary operator that is defined as a normal-ordered monomial
in ¢ (with derivatives). The case of the vertex operators is less obvious, but if also all the other operators
in the correlator are vertex operators, then the explicit formula (3.8), together with the fact that only an
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even number of alternating charges is allowed, leads to the same conclusion. The most intricate case is the
one of mixed correlators, but again the finiteness of (4.18) can be proven with the help of Wick’s theorem,
in the same way as it is employed in Appendix D. Some examples of useful correlators with an operator
inserted at infinity are provided in Appendix D.1.

As in the § = 0 case, we have, up to higher order perturbative corrections:

L)2
(G3x(00))p hm>/ dar(x(c0)x(x))o

L/2

L/2 1—a
+ / dxl/ dzy tr[(asx(00)d L Vi(z1)o_V_(z2))0 + (12)]

L/2+a L2
+ 7 ( )t r [{03x(00)04 Vi (21)6-V_(22)63x(23))0,c + 5 perm.]
I3(a
h3
Tt ( )tr (03x(00)G3x(21)03X (22)03X(23))0,c + - - -
I3(a
L/2
<mwmmpﬁww»/mmwwmvwm
gh L/2 z1—a
+ 5 dz; / dzgtr [(04Vi(00)o_V_(x1)d3x(z2))0 + (12)] + ...
L/2+a —L)2
gh® . . . .
5 ( )tl" [(64+V4(00)6_V_(21)d3x(22)03x(%3))0,c + 2 perm.]
3(a
3
+ % ( )tr (6 V i (00)5_ Vo (21)6 - Vi ()6 Vo (23))0.c + - - - » (4.19)
I3(a

where the finite-d correlation functions of Vi and x can be found in appendix D.

In practice, evaluating the divergent part of the integrals above for generic é can be rather difficult,
for those correlators whose exponential factors survive in the limit (4.18), as for the (xVV) or (VVVV)
cases (see Appendix D.1). Luckily, as long as we are interested in the IR fixed point properties only at the
leading nontrivial order in 0, we can evaluate such integrals at § = 0 and thus recover (4.5) and (4.9). In
order to justify the exchanging of the limit § — 0 with the integration, it suffices to notice that at fixed a
and L, and for some finite 6* > 0, all the integrands are uniformly bounded functions in the integration
range for § € [0,0*]; therefore, by the dominated convergence theorem we are allowed to exchange limit
and integral.

Therefore, taking into account the dimensionality of h, we get

By = —2gh(V2 —h) + g* + O(¢°h, ¢°), B = —gh — g*(V2-2h) + O(g°h*, g"). (4.20)

This is yet not the final answer for the physical RG. Indeed, as explained in Section 3.2.1, partition
function and correlators of U(1)-singlet operators only depend on the combination by — v/2h, hence the
beta function entering the Callan-Symanzik equation for correlators of singlet oprators is that for such a
combination. In standard RG language, what this means is that while both h and by flow, one of them is
a redundant coupling, only the combination by — v/2h being an essential coupling. Therefore, we define
the physical coupling in cutoff units as b = (bg — v/2h)a%/?, and obtain the beta functions

By = —1)g+g°, By =—0b"+4b%g*, (4.21)

namely the same as (4.13) plus the classical contribution due to the dimension of 2. We have thus shown
how a perturbative computation in the model (3.9) fully reproduces the Kosterlitz beta functions (2.21),
and thus the flow of figure 1, with 7 = b?, plus a next-to-leading correction of order g3.
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4.3.1 Fixed points

With the beta functions (4.21), we find a non-trivial fixed point at

gi = i\/iJr 0%y, =1- g +0(6?). (4.22)

We stress that although the fixed point of b? is of order one, the result is consistent with perturbation
theory, because using that b? = (bg — v/2h.)%a’, we find that

o 1 1
h*:—<f | ) 0(8?) | 4.23
so that both g, and h, are perturbative in . The choice of sign for g, is irrelevant, as the full set of
observables is invariant under ¢ — —g. However, intermediate calculations do depend on the sign of g,
hence in the following we will choose g, = —/d/4.

IR fixed points and gauging. The fixed point (4.22) is the one that corresponds to the 1d CFT for
the critical LRI. We should stress that the relevant fixed points are those of 52, and not those of 3y, for
the reasons explained above. In other words, we are seeking fixed points for the singlet sector of the model
(3.9), that is, the gauged model. This remark is non-trivial because gauging and seeking for fixed points
do not commute: the condition £y, = B, = 0 is stronger than B2 = 0, and its only fixed point that is
perturbatively accessible is the trivial one at by = h = g = 0; conversely, at the nontrivial fixed point of
B2, the dimensionless couplings boa®/? and ha®/? keep flowing, hence we must restrict to the U(1)-singlet
sector in order to have a CFT, because correlators of non-singlet operators in general depend separately
on by and h.

UV fixed point. Besides the nontrivial fixed point (4.22), the beta functions (4.21) admit also a trivial
fixed point at ¢ = b> = 0. At § > 0, both g and b? are relevant perturbations of this fixed point, which thus
is a UV fixed point, as it is also clear from figure 1. Such UV fixed point describes a a noncompact GFF
¢ plus a decoupled qubit. Around this point, the model (3.9) corresponds to a standard perturbation by
relevant operators. Notice that the operator O, reduces to 64 +06_, which is still nontrivial because it does
not commute with O,: we can repeat the analysis of section 3.2.1, and find that the effective b? increases
under the effect of the Oy, term. Therefore, we see that from an RG perspective we can qualitatively view
b? as the analogue of a mass parameter m?: perturbing a standard massless free boson ¢ by a ¢? term we
generate a mass, and an RG flow; if instead we start directly with a massive boson, self-interactions such
as ¢* are not scaling operators, they are such only in the UV limit.

Absence of phase transition at s > 1. For § <0, i.e. s > 1, the non-trivial fixed point (4.22) becomes
complex (real b?, imaginary g.). In this case the flow in the real {g,b?} plane displays only the trivial
fixed point at g = b*> = 0, which now has one irrelevant (b?) and one relevant (g) perturbation. Therefore,
trajectories always flow towards large g, i.e. the symmetric phase, unless we start exactly from g =0 (i.e.
zero temperature), in which case we end up at the trivial fixed point, where the qubit degree of freedom
is decoupled from the GFF. In other words, the physics of the 1d SRI is reproduced at s > 1.
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4.4 Anomalous dimensions
4.4.1 Leading near-marginal operators at the fixed point

By standard RG arguments, linearizing the beta functions around the IR fixed point (4.22) we find the
linear combination of O, and O, that behave as scaling operators at the fixed point, along with their IR
scaling dimensions A1 = 1+ wy. The quantities w, are the eigenvalues of the stability matrix:

—14b2+3¢2  8b2g.
Bij = 0iBjlg. 52 = < g g ; (4.24)

s 492 — 0

where indices 4, run over the couplings {g,b?}. Diagonalizing this matrix, we find wy = +v/26 + /4 +
O(0%/?), and thus the IR scaling dimensions

Ar=1+V2646/4+0(5%?). (4.25)
The associated scaling operators O+ are the linear combinations

Oy = a_Ai Z ’Uit@i, (426)
i€{g,b%}

where we introduced the notation O; = OiaA?, with A? being the canonical (or engineering) dimension
of O;, and where v is the i-th component of a left-eigenvector of B;;, corresponding to the eigenvalue
w+. We stress that the scaling operators are written directly in terms of bare operators, because the beta
functions of bare couplings are associated to the Callan-Symanzik equations for bare correlators.

We find vy = (i% + g + O(6),—2), and thus:

Pt Oy = E(oh +0,) +

where we used Op2 = —21% Op, + O(6), that follows from the relation between b and h.??

The signs in the definition of O+ depend on the sign of the fixed point g.. If we had picked the other
sign, g, = +V0 /2, we would have found the same expression up to the change O, — —0,, which is obvious
from the action. Notice that at leading order, this corresponds to exchanging Oy < O_, but this property
is broken by the term of order v/3.

One might wonder how robust the O(¢) correction for Ay is, given the order at which we have computed
the beta functions. The hypothetical higher-order corrections to the beta functions above are constrained
as follows. First, both 3, and ;2 are even functions of b. Second, due to the charge neutrality constraint,
Bg (Bp2) is an odd (even) function of g. Third, the beta functions are computed as expansions in powers of
g and h, that can then be rearranged as series in ¢ and b — 1. Lastly, we assume that the beta functions
coefficients depend analytically on §. All in all, we have

By=_ D ain(@g" O =)™, f=—00?+ YD al (@) 1", (4.28)

L (0, +0 \féﬁow), (4.27)

n=0m=0 n=1m=0
with
{0 = al 3*, aZ,0) =" al) oF, (4.29)
k=0 k=0

22 An integrated operator O; is obtained by deriving the action with respect to the associated (dimensionless) coupling.

Therefore, we have Oy2 = (a(%f/?))*l Oh.
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and, in order to match (4.21),

_ 1)
ap10=a100=1, a

2 2

g,()),o = ag,%,o =4. (4.30)
Using this ansatz it is not difficult to verify that the corrections to (4.21) affect the fixed point location
and critical exponents starting from O(5%2), and the eigenvectors from O(4), hence the predictions (4.25)
and (4.27) are robust.

4.4.2 Anomalous dimensions of 63 and y

As we discussed in Section 2, the spectrum of the 1d LRI CFT should contain two protected primary
operators which are even under parity and odd under global Zs. In the near-crossover description, these
two operators are 63 and X, with protected dimensions

Agzg, szl—g. (4.31)
For 3, we have argued in Section 3.2.2 that its dimension is protected as a consequence of the Schwinger-
Dyson equations; for x, its dimension must be 1+A, and as usual in long-range models ¢ has no anomalous
dimension. We now want to verify that these conclusions are corroborated by actual computations with
our model.

The anomalous dimension of an operator O can be computed by treating O as a perturbation with
coupling A, and computing the beta function ) for this new coupling. From there, the scaling dimension
is obtained from 0y, evaluated at the fixed point at A = 0, via the formula 0)\0x|gxa=0 = Ao — d.
Considering the expectation value of &3, the first non-trivial contribution is at quadratic order in g and h,
for which we obtain:

(Ga(o0))p = 5 [ dytrtoaloo)satu)o

Ag? . R
+ 28 [y dya st [(69(00)3(01) Oy (12) O, () + perms|

+ A;ﬂ / dyy dys dys tr [(&3(00)&3(y1)0h(yg)oh(yg»o,c n perms}
= M§ + \g*I{ + \W?19 (4.32)
with
=1L, If:L(2+log2—|—210g%—|—...> , IS =—L(2+1log2)+..., (4.33)

where the dots represent higher-order corrections in a. Removing the logarithmic divergences requires the
introduction of the renormalized coupling A, via the relation

A=A — 2002 log% . (4.34)

and introducing the dimensionless coupling A = a), we find the following beta function:

d\ © %
By, = ~Tloga “A+22¢%+ ... (4.35)

Given that the canonical dimension of &3 is zero, we can identify A, with the anomalous dimension, which

is thus
1

Yo =1+0Br =20 =  As=1olgmg, = 3" (4.36)
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That this dimension does not receive higher-order corrections in § is guaranteed by the Schwinger-Dyson
equation (3.30), which fixes D, 3 to be a descendant operator of protected scaling dimension 1+§/2 at the
non-trivial IR fixed point. In order to match the engineering and scaling dimension of the spin operator,
we define o = =273, that we will use in the following.

Let us now turn to x, with tree-level dimension 1 — /2. Repeating the same calculations we find that
all terms are zero except the linear term, which evaluates to AL. Hence, x does not get an anomalous
dimension. It is not difficult to check that the same conclusion holds for higher orders in ¢.

All in all, we reproduce (4.31) and find that they are indeed protected and will not receive corrections
at higher orders in §.

4.5 OPE coefficients
In this section, we compute the following correlation functions:

(Wi(z1)j(22)Ox(23))p ,  (Ox(21)Ox(22)Ox(23))D
(O4(21) 04 (22)O—(23))D, (O (21)O0—(22)O—(23))D , (4.37)
where we denote 1; = {o, x} for brevity.
At the IR fixed point, where the LRI becomes a 1d CFT, we expect the form of these correlation

functions to be consistent with conformal symmetry — see Section 2.2.1. In particular, assuming that all
O; = {1, O+ } flow to (scalar) conformal primaries in the IR, we must have that

(Oi(21))p =0,

(Oi(21)Oj(x2))p = 327&3 )
L12
CijkNiNNg
<Oz(x1)0](x2)0k($3)>1) = Aik—l-AjJ Aij‘i‘ik TN (438)
12 T13 Tog

where ¢;;;, are the OPE coefficients, and N are the (scheme-dependent) normalization factors computed
in appendix F.23

Our computation proceeds as follows: we compute three-point functions in a perturbative expansion
in the couplings ¢ and h, and expand the correlators in d before integrating them, as we did for the beta
functions. Then, we tune the couplings to their fixed-point values, which are given as expansions in V4.
The overall result is thus arranged as a power series in V4.

4.5.1 Tree level

At O(8%), there are no nonzero three-point functions involving only o, x. The ones between o,y and O,
the leading marginal operators defined in (4.27), are nonzero:

(oo Oslap = L2 (1.39

Thus the OPE coefficients with o, x at tree level are given by:

1—9;;
Copgapj+ = \/ilj » o Cpgpip, = 0. (4.40)

231In order to identify the basis of conformal primaries at the IR fixed point, operators @+ must mix with the identity 1, so
that (4.27) is replaced by (F.5), and x must mix with o, so that x is replaced by [x] in (F.13). In order to avoid notational
overburden, in the following we omit the square braket on x. We refer the reader to appendix F for the detailed calculation.
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The OPE coefficients involving only OL are nonzero at tree level as well. Using the correlation functions
between y and Vi given in appendix D, we immediately find

3 1

CH44 = 5 s C4y— =C——y4 = —5 . (441)

4.5.2 Order V4§

At order v/4, it is sufficient to consider three-point functions perturbed by gOy. The OPE coefficients
Copyapjapy, TEMAIN Z€TO at this order, while Copyapi+ et corrected. Starting with c,,4+ we find

(0(21)0(22)Ox(23))p = g;/dy tr<P53($1)&3($2)\2([@h] + [Og))(23)Og(1))o,c » (4.42)

where we emphasize that the correlator is evaluated at the fixed point g.. The assumed ordering of the
three external points is % > T > T > T3 > —%, and we will keep this ordering throughout this section.
The integrals can be straightforwardly computed and, taking the limit L — oo, give:

% [ dy tr(Pos(an)anten) J(00] + OOy wo. = 7202, (1.43

which, comparing to the expressions of eq. (4.38) and using the normalization factors computed in appendix

F gives:
1
Coot = iﬁ\/& (4.44)

Repeating the computation for tr(x(z1)x(z2)O+(x3))p gives the result cyy+ = 0.

The other OPE coefficients ¢y, 44+, c++5 can be computed in a similar way. Note however that
they have a nonzero value already at tree level, and are therefore sensitive to the O(v/d) corrections to
Oy, see (F.5). Taking into account this correction, we compute

(0(z1)x(22)Ox(23))p = tr{o(z1)x(22) Ox(73))o
+ 2 [ dytr(Poan)x(@2) O (23) 0 (9))o.c + O(6)
i [ngi + g I7F 4 0(5)} : (4.45)
(Ox(71)O0+(22)Ox(23))p = tr(Ox(21)Ox(22)Ox(x3))0
+ % [ dyte(POL(@1)0(22) O (23) Oy () o.c + O()

= a® 70 [[FHE 4 g, 5 + 0(9)] (4.46)
(O4+(21)O+(22)O—(23))p = tr(O+ (1) O4 (22) O—(3) )0

+ 5 [ dyte(POL(@1)04(22)O— (23) 04 (y))o.c + O()

= @32+ I g T+ 0(9)] (4.47)

(O4(21)O0—(22)O—(3))p = t1(O+(21) O (22)O—(23))0
+ 2 [ dytr(POL(21) O (22) O—(w3) 04 (9)o.c + O6)
=a® A8 I g I+ 09)] (4.48)
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where

R R 1 )
I 21: ]i - j: ‘x2 B
23 23
3(4£v2) 51 1
I = L V8 ( + 5+ ) ;

8712713723 a2

2 2
$12 T13  Tag

2 1 1 1 12 10 212713723\ __ 9
o2 (L 1 ) e (R 09, (4.49)
a \Tijp T3 T3 2221221323
$13123a
== _ %) V20 —4 I++*:_\/§ 410g( R )+1
0 2 ’ 1 2 + ’
a\@xu 8T12713%23 axio 2[.%123}133323
3
e V8 VB4 Ve s (Ilmsa) —!
0 a\/§x§3 8T12213723 ’ ! ax%g 2\/if12$133323
This results in the following values for the OPE coefficients at the fixed point at O(v/9):
1:F\/5 L 39V0 L Vo 1 Vo (4.50)
c =—F—, c = - iy =——+——+, 4 =————, .
UX:t N/é’ 16 +4++ 2 16\/ﬁ’ ++ 2 16\/5’ + 2 16\/§

4.5.3 Order §

While computing the order O(d) correction to ¢y, C+++, c++5 requires including the O(§) corrections to
O4, in eq. (F.20), we can compute the OPE coefficients c¢,,+ to order O(4) straight away.
The three-point function is given by

(0(x1)0(22)O+(23))p = tr{o(z1)o(22)O+(23))o + %/dy tr(Po(z1)o(22)O+(23) O (y))o,c

+ 8 [ gy dy tr(Poa1)o(22) 04 (20)011) Oy 1))

+ % /dy1 tr(Po(z1)0(22)Ox(23) On(y))o.c + O(6%/?)

al—?Ag—Ai [Iga:t —i—g*IfUi —i—g*IUa:t + h IUU:I: + 0(53/2):|

_ CJU:ENUQN:t
 (212)287 8% (213) 84 (223) 0+ (4.51)

where we have explicitly included the normalizations N, N} that differ from 1 at this order. The expres-
sions are given in (F.10) and (F.19). The perturbation O} contributes as well. Evaluating the integrals,
we find

1 1 1
197% = . (i o _ 25log(8a/<a)> , 177t = f fxu —I-\/g< S ) ,

2 4 4
N 30133623 a L13223 (4.52)
Iaoi _ log 64 41‘12(10g $1331323 B 1) Iaoi _ Q
2 - :F 9 3 -
a 13723 a
Adding all contributions and evaluating them at the fixed point, we obtain
Ve 15
=+ =~ 54+ 0(8%?). 4.53
CUUi: \/Q’ 16 _% ( ) ( )
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What about ¢y,+7 We would not need to worry about higher-order corrections to O+, however this would
require us to use the three-point function (x(x1)x(z2)x(x3)) at arbitrary s. An easier way to obtain these
OPE coefficients is by exploiting the OPE relations mentioned in Section 2.2 and given in (??), which
relate ¢yy+ t0 Coo+ and coy+. The result is given in (5.120).

5 Analytic conformal bootstrap analysis

In this section, we study the 1d LRI CFT using analytic conformal bootstrap and determine CFT data
of light primary operators perturbatively in v/§. The bootstrap results are in perfect agreement with the
RG calculations of the previous section and extend them to higher orders and to other observables. This
agreement provides strong evidence for the conformal invariance of the IR fixed point, as well as for validity
of the proposed field-theoretic description.

5.1 Setting up the problem
Our bootstrap analysis rests on the following assumptions:

1. The critical 1d LRI is described by a family of 1d reflection-positive CFTs, as defined in Section 2.2.1,
parametrized by ¢ € [0,1/2), possessing a global Zy and parity symmetry;

2. As § — 0T, the CFT data tend continuously to those of the exact solution at s = 1, identified in
Section 4.2, and denoted by AEO) and cg.),)c;
3. The CFT data admit an asymptotic expansion in nonnegative powers of Vo as 6 — 0T, ie.

o [e.e]

Ai(0) ~ ST AMSE () ~ D et (5.1)

n=0 n=0

4. The CFT contains Zs-odd parity-even primaries o, x of exact scaling dimensions A, = 4/2 and
Ay =1-4/2.

Eventually, we will also make an additional small assumption regarding the behaviour of the CFT data

under V6 — —/8. In the rest of this section, we will use assumptions 1 and 4 to constrain Agn), 022 for
n > 0.

Let us start by summarizing the § = 0 CFT data of primary operators with A(® < 2, shown in
Table 1.2* Since we normalize the two-point function of ¢ as (¢(z)d(y)) = —2log |z — y|, all of the
operators in the table have unit-normalized two-point functions.

The space of Zs-even primaries with A(®) = 1 is two-dimensional, spanned by Oy, O. For § > 0, we

expect that the degeneracy is lifted, giving rise to a pair of primaries Oy, O_. As § — 0%, we must have

(&) — A (C(?)Z> : (5.2)

where A € GL2(R). Since both sets {O4,O0_}, {O4, O} are orthonormal, we have in fact A € O(2). By
possibly multiplying O, by —1, we can arrange A € SO(2). It follows that at 6 = 0" we must have

Oy =cos0 Oy +sind Oy,

. (5.3)
O_ = —sinf Oy + cos Oy,

Z4Note that all of the listed primaries are parity-even. Strictly at § = 0, there is also a A = 1, Zs-odd, parity-odd primary
&+Vy —6_V_, but the latter becomes the first descendant of o at § = 0", as we know from Section 3.2.2, and as we recover
below from the bootstrap perspective.
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operator form at 6 =0 AO) | Zy | parity

identity 1 0 +1 +1
o 03 0 —1 +1
Oy o4Vi+6_V_ 1 +1 ] +1
Oy, i6300/v/2 1 [ +1| +1
% i0¢/v/2 1 | —-1| +1
0 —(09)% /(2v2) | 2 | +1| +1
3 63:(09)% /(2v2) | 2 | -1 | +1

Table 1: Primary operators with A(®) =0,1,2.

where 6 € [0,27). By possibly multiplying both O4 and O_ by —1, and switching O + O_, we can
arrange 0 € [0,7/2). We will see below that the conformal bootstrap fixes 6 uniquely.

Next, let us discuss the OPE of light primaries at § = 07. We have o(z)o(y) = 63 = 1, and so cgp =0
for all primaries P # 1. Next, we have

o(2)x(y) = i630¢(y)/V2 = Op(y) = cos 0 O_(y) +sin O4 (). (5.4)

It follows that
0 _

Cax+ =

sinf, cg))g_ = cos#, (5.5)

(0)

and CoxP = 0 for all other primaries. Let us consider the § = 07 OPEs

0(2)O4(y) = sin 0 5304, (y) + cos 0 530, (y) = sinb x(y) + cosb [64 Vi (y) —6-V_(y)],

. . s X (5.6)
o(z)O_(y) = cos0 530, (y) —sinh 630, (y) = cosb x(y) —sinf [64V,(y) — 6-_V_(y)].
We see that the OPEs contain the primary x, with the expected coefficients c((,OJ)rX = c((,(;z 4 = sinf and
cgo,)x = c((gz, = cos . However, there is also the operator in the square bracket, proportional to do for
6 > 0. To understand its appearance, consider the OPE of general parity-even primaries
A A Ap+A;—A;
Pi(x1)Pj(w2) = Y _ ciji(—1)Tk|ayg| 72 A4 [Pk(@) + SR 0Pk () + .| - (5.7)

k

Let us substitute P; = o, P; = O+ and focus on the contribution of Py = o. Since A, — 0 as § — 0,
the pole 1/Ay in the coefficient of do can cancel with a zero of ¢,4, to yield a nonvanishing contribution
of the first descendant in the limit, although the primary is not present. This is precisely what happens
in (5.6), as we will verify in the next subsection.

In the following, we will also need the § = 0 OPE coefficients of the possible triples of O4, namely
(0) (0) (0) (0)

cihy, iy, ey’ and ¢’ _. The only nonvanishing three-point function between O, and O, is
V2
O4(x1)O04(x2)Op(23)) = —— . 5.8
(Oyfa)Oy(w2)Onlas) = Y= 5:5)
It follows that
03?3_+ = 3v/2(sin 8)(cos 6)?, 0= 3v/2(sin #)2(cos 9) (5.9)

cfl, = V2[(cos 0)3 — 2(sin #)?(cos )], c(f),, = V/2[(sin #)3 — 2(sin #)(cos §)?] .
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5.2 The crossing equations of light primaries up to O(\/g)
We begin the task of constraining the CFT data by considering the crossing equations of the (c00,O0p)

correlators (here and in the following a,b = 4). The crossing equation (2.10) takes the form?>
o0 oo
TAVAVAVAVAVA JACNANNACIAY
> CoomCabmGR” "(2) = D CoamCobmG T (1-2), (5.10)

where the sum on both sides runs over all primary operators. Due to the factor csm, the LHS only receives

nonzero contributions from Zs-even, parity-even primaries, while the RHS from Z,-odd primaries of either

parity. Let us expand both sides around 6§ = 0. At O(6%), the LHS only contains the identity operator and

equals 27 284. At the same time, the RHS only contains o and x at O(6°). Indeed, x contributes because
0) (0 (0) (0)

CoaxCopy = (0. On the other hand, it may seem that o should not contribute since cggsc one — 0. However,

the conformal block GﬁZ’A’“A“’A“ goes like 6! as § — 0. In agreement with the discussion after (5.7), the

singular contribution comes from the first descendant of o. More concretely, the 6 — 0 expansion of the
t-channel conformal blocks takes the form

GR7 BB (1 5y = 52571 4 o2 [(Agﬂ + ADY(1 —log z) — AWV log(1 — z)] 572 +0(6°)

(5.11)
Ga7 AR de (1= 2) =272 4272 [—(AD + Al log 2 — AN log(1 - 2)| 8% + 0().
Equality of the s-channel and t-channel at O(8°) is thus equivalent to
dap = cggacggb + cggzacglzb . (5.12)
In other words (cgg+)2 = (cos )2, (c((,loz_)2 = (sin6)?, c((,2+c((72_ = —sinf cosf. There are two solutions
cgla)+ = scosf, c((,g_ = —ssinf, (5.13)

where s = £1. The reason for the existence of two solutions is an additional Zo symmetry of the § = 0
theory. This symmetry acts on all operators by conjugation by &3. It leaves o, x and Oy, invariant, sends
Oy = —0Oy, and thus exchanges O_ <+ O4. It is not a symmetry of the § > 0 theory. Instead, it exchanges
pairs of equivalent solutions of the bootstrap. It is equivalent to the 27 monodromy around § = 0, i.e. the
mapping V6 — —v/d. Without loss of generality, we will restrict to one branch of solutions by setting
s=1.

Let us expand (5.10) to O(v/3). On the RHS, the only contributions can arise from corrections to
the exchange of o and x since cyam = O(V9) for m # o,x. On the LHS, the contributions arise from
the O(v/9) correction to the identity conformal block, as well as from the exchange of O_ and O, which
appear for the first time at this order. In principle, there could also be exchanges of other primaries P for
which CS,)P # 0 and c((l%) # 0. By using (5.9) and (5.11), we find that the crossing equations for a,b = +
are then equivalent to the finite number of constraints

0 = g, A(j) =2, AW = -2, cf,1>2+ = —621)2,, cl(j,)Jr :c((fg), = cgz, -1, (5.14)

as well as the statement that cgpcg%, = 0 unless P = Ox. We can now also update (5.5), (5.9), and (5.13)

using the correct value of 8

© _.o _1 o __o _1 © _.0 _3 (0 (0)

ox+ — “ox— — E’ Coot = “Coo— = V2 Cr+ T =75 G- TS T Ty (5.15)

Note also that ngz L= C;OQ, = 0. Indeed, at 6 = 0, x is a generalized free field with A, = 1. The x x x

OPE contains only 1 and double trace operators with A =24, ....

2By a slight abuse of notation, the lower indices labeling CFT data A;, ciji will take both numerical values i € Z>o (when
we sum over all primaries), as well as specific values ¢ = o, x, +, —, ... (when we refer to a specific primary).
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5.2.1 Other crossing equations

Let us analyze other four-point functions of o, x, O+, O_. We will study the complete set of such cor-
relators for which o appears at least once among the external operators. Consider a four-point function
Gijke(z) where o appears N times among the external operators, where N =1,2,3,4. It turns out that the

perturbative expansion of G;jr¢(2) up to and including O(d ¥) involves only a finite number of conformal
blocks in both the s- and the t-channel. This is because at § = 0, the ¢ x P OPE contains a finite number
of primaries, for any primary P. Indeed, we saw in the previous subsection that G,,++ (for which N = 2)
involves only exchanges of 1 and O in the s-channel and only o and y in the t-channel, up to O(\/9).

Independent crossing equations in 1d CFTs are labeled by cyclic orderings of quadruples of primaries
(,4,k,€). Indeed, the crossing equation (2.10) for G;ji¢ is invariant under the cyclic shift (i,7,k,¢) —
(j, k,£,7). This follows immediately from identities satisfied by conformal blocks

GAijzaAé»Ak (2) — (1 o 2)*A1+A]’+Ak*Aé GAi,AijkaAé (Z) ,

DA A=A GAl,Ag,Ak,A (2. (5.16)

Giir;ﬂk,ﬁbﬁi (Z)

If the 1d CFT is also invariant under parity, the crossing equation for G;jx, is equivalent to that for G-
It follows that the full set of crossing equations with at least one external o and only o, x, O4, O_ as
external states arises by equating the s- and t-channel in the correlators

N=4: (oooo)

N =3: (oooy)

N=2: (ooxx), (oxox), (c00,0), (60,50)
N=1: (oxxx), (oXOaOb), (7OaxOb) -

(5.17)

—~

‘ Z

It turns out that if we work to O(d ) then the crossing equations for each of these correlators are
automatically satisfied by the CFT data (5.14), (5.15). Explicit formulas for the correlators are summarized
later in Section 5.7.

5.3 Higher-order analysis

In order to bootstrap the CFT data to higher orders in v/§, we have to contend with the fact that infinitely
many primary operators appear in the OPE. For a four-point function with N = 1,2,3,4 external o
insertions, we will consider the crossing equation at O(¢ %) This is the first order at which an infinite sum
over conformal blocks occurs. Let us write the asymptotic expansion of a four-point function G;jxe(2) as
follows:

gzgk@ Zgljkf % . (518)

Consider the s- and t-channel OPE of gi%(z). The only operators with A = 0,1 are 1, o, x, O, and
O_. Correspondingly, we separate the contribution of these operators to the two OPEs as follows

Giin(2) = Oin(2) + Git(2) = Gle(2) + Gl (2) (5.19)

Here gf]z,fe(z) and gfj’ig(z) denote the total contribution of the “light” operators 1, o, x, O+, and O_ to
the s-channel and t-channel conformal block expansion. Similarly, gfijZ(z) and ijllje(z) denote the total
contribution of the “heavy” operators, i.e. those with A > 2. Since primary operators with A(® > 2
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appear for the first time at this order, gfjr,d( z) and Q i ke(z) admit an expansion in conformal blocks all of
whose scaling dimensions are evaluated at § =0

A(O) A(O) A(O) A(O)
Z Az]kﬂ G (Z) ,

zgkf
AL, AD AL AP (520)
t,H kli
gzgké( ) ZA] ‘G’ (1—2)
n=2
Here Agkﬁ is the coefficient of the leading order in ¢ in the sum of the expression (—I)Jmcijmckgm over all
primaries P, such that Agg) =n
Agké = Z (_1)Jmcijmck€m’6% . (5.21)
m: A$2>:n

5.3.1 Analytic functionals

The crossing equation (5.19) allows us to solve for AYR and AZFY in terms of the CFT data appearing
in gj]z{;g(z) and gf]’.ig(z). To solve for A we will apply a version of analytic functionals [76]. In
particular, we will make use of bases of analytic functionals [77] dual to conformal blocks with integer
scaling dimensions.?%

Let my,ma, m3,my € {0,1} and n € {2,3,...}. Let us define a family of linear functionals w,, """

acting on functions f(z) holomorphic in C\(—o0, 0] U [1,00) by the formula
7+ioo
LT, ma ma | § / Gl ml,l ma,1—m3,1—my (Z)f(Z)ﬁ ) (5.22)
2mi

Note that the conformal block G1 ml’l me,1=ms,1= " (2) is well defined for the specified range of m1 234
and n. It is a rational function of z taking the form

Gyoptmmslomaloma ) o pmatmatn= L B (1 g —my —n, 1 —mg g — 132 - 2m52), (5.23)

where the hypergeometric 9 F} is a polynomial in z of degree n — 1 4+ min(mg — my, mg — my). We claim

that this set of functionals is dual to the s-channel conformal blocks of integer dimensions, in the sense
w;nl,mz,msmm [G21/17m2,m3,m4(,)] — (Snn, , (5.24)

for all integer n,n’ > 2. Furthermore, all of the functionals annihilate the t-channel conformal blocks of

integer dimensions
W12 [GZ1,m47m3,m2(1 -] =0, (5.25)

for all n,n’ € Z, n,n’ > 2. To understand these statements, first note that the actions on s-channel and
t-channel conformal blocks are finite. Indeed,
Gi:nmhl—mz,l—m&l—mzx (Z)Gzl’mz’m&nu (Z) _ 0(272 log ‘ZD ’

G1:nml’17m2’17m3717m4 (Z)G$1,m4,m3,m2(1 _ Z) = 0(2_2 log |Z’)

(5.26)

26Tn fact the functionals used here are simpler than those of [77] since they only have simple, rather than double zeros at
integer A.
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as z — £i00, and thus the integral in (5.22) converges. To evaluate (5.24), we close the contour to the left
to pick up the residue at z = 0 and use

Res._g Gi:;m,l*m%l*m&l*ﬂu(Z)G$17m2,m3,m4(z)} = S s (5‘27)
which we state without proof.?” To evaluate (5.25), we close the contour to the right. We encounter no

pole at z =1 sincqn’ > mg + m3, and thus the integral vanishes.
To solve for A9* we write the crossing equation (5.19) as

o oo
RN QNN OINC: D A A A0 A0
DoATEGET T T (2) = G () — Gg(2) + D ARG T T (1-2). (528
n=2 n=2

Let us apply the analytic functional wy "™ ™4 to this equation. If we can swap the functional action

with the infinite sums on both sides, it follows from (5.24), (5.25) that

(0) A(0) A(0) A(0)
AP AP A A
n

AGRE — (Gie(2) = Goin(2)]- (5.29)

A sufficient condition for the functional to be swappable with the infinite sums is that the integral (5.22)
is finite for f(z) = gf]rng(z) and f(z) = gfjfe(z) [78]. Whether this holds or not is directly determined by

the asymptotics of AY M as n — oo. In the ensuing analysis, we will be able to check it directly. In fact,
we will encounter situations where the swappability does not hold unless we use subtracted functionals,
which possess a larger domain of swappability.

5.3.2 Crossing of (cooo) at O(5?)

Let us consider the case of (cooc). The crossing equation (5.28) becomes

S A7707 GYO00(z) = GhE () = Gtk (2) + 3 A7 GROOO(1 — 2) (5.30)
n=2 n=2
Here
A7 = 3 (d,)P >0, (5.31)
m:A<m0):n

where we used (—1)‘]m =1 for all m such that c,5m # 0. Let us recall the definitions

Gotrn(D) = . [(Coom)? Ga7 2270 (2)]

m 52’

me{0,+,—} (5.32)
L L
g?aaa(z) = g?aaa(l - Z) .
In order to extract AJ°?? using functionals wg’o’o’o
AZ779 > 0 to relate the behaviour of

, we need to check swappability. The idea is to use

o0

Goll o (2) = AZ777 GYO00(z) (5.33)

n=2
in the limit z — ioco to its behaviour as z — 1. The latter can be estimated from the RHS of (5.30)

i A9797 0000y 221 O ((log(1 — 2))2). (5.34)

n=2

2"The claim is a version of orthogonality of different solutions of the same Sturm-Liouville type ODE.

38



A standard argument using the radial coordinate [79] then implies

AT GEOO0(z) TET O((log =) (5.35)

n=2
Since G}_lnl 1(2) oo O(z72), it follows that the functionals are swappable and we get
A7 = w0 00G5 0, (1= 2) = Goroe(2)] - (5.36)

The integrals on the RHS can be done in a closed form

4770 = [0 = 01 -8y~ A - a®) b+ 2] LD )

Since A77° must be nonnegative, it follows that

0<8cl)_ +aP +a® <2, (5.38)
The sum over conformal blocks (5.33) defining Qg’,gg(z) can now also be done in a closed form. The result-
ing correlator gf,;,Lw(z) + gg;fm (z) is crossing symmetric if and only if the following additional constraint
holds:

B 0(3)+ O @ 2

T - CO'X*(CO'X* - 2) + F - 2 . (539)
This identity is also equivalent to w?,o,o,o [gi;,LM(l —z)— gg;fw (z)] = 0, which holds because in this case
the functional w?,o,o,o is well-defined and swappable. We will present the answer for the full correlator

in (5.121), once all the unknowns have been fixed.

Incidentally, we should ask whether there could have been A > 2 contributions to (cooo) already at
O(9). In fact, it is not hard to see that such contributions are forbidden. The crucial point is that, as we
remarked in Section 5.2.1, the total contribution of 1, O, and O_ to (cooo) at O(9) is already crossing

symmetric on its own. We can then use the analytic functionals w0 to solve for the sum of (c((jl(zp)2 over

all P with Ag)) = n > 2, analogously to (5.36). The difference is that at O(8), Gadoo (1 —2) — Garre(2) = 0,
and applying the analytic functionals gives vanishing total OPE squared.

5.3.3 Crossing of (ooxy) at O(9)

Let us proceed by studying the correlator (coxx). The crossing equation at O(9) reads

Z ATOXGOOLL() = GUE | (2) — GEE . (2) + Z APXxe GOLLO( _ 2y (5.40)
n=2 n=2
Here
A= 37 Qs A= 3 (@) >0, (5.41)

m:Agg):n m:Agg):n

where we used cgé,)m = (—1)Jmc,(,1>2m. Recall that the x x x OPE at § = 0 only contains double-trace
operators, all of which have even scaling dimensions. It follows that A77** = 0 for n odd. We have

Ag A, Ay, A
g?aLxx(z) = Z [Caamcxxm GAm X X<Z):| ’5 )

me{0,+,—} (5 42)

Gobn2) = D |(emm)? GRL D2 (1= 2))|
mée{o,x}
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To apply the analytic functionals and solve for A57XX, we need to analyze the z — ico limit of Gigry ().
We have for all z € C\(—o0,0] U1, 00)

o0 [ee]
STAT GO = ST @) 0 GO0 ()
n=2 m:A$S>22
o0
< 312,11, 16X ()]
mig) 22 (5.43)
[ee]
=270 Y 2GR )L, G (2)]
m:A52>22
o0 o0
e I B S (2 2 L T e O | D S (S Ll e GO
m:A(mO)ZQ m:ASS)ZQ

The first equality follows by definition of A;°*X, and the last inequality is Cauchy-Schwartz. We have
already estimated the argument of the first square root in (5.35). The argument of the second square root
is essentially (xxxx). The standard radial-coordinate argument relating z — ico to z — 1 implies it is
bounded in the limit z — ico. It follows

o0
0,0,1,1
D AN GO (2)

n=2

2% 0(|z log(2)]) - (5.44)

The kernels defining the functionals WOl approach a constant at infinity. It follows that they do not

necessarily commute with the sum over conformal blocks. To remedy the situation, we define the subtracted
functionals « 2

~00,1,1 _ 0011, ( 1y =DY" 0011

W, = wy, +(-1) a9l wy (5.45)

for n > 2. The kernel of n*" is O(z~1) and therefore commutes with the sums over n in (5.40). We get
AT = GO PGER (2) = Gop (2)]. (5.46)

The integrals defining the functional action can be done in a closed form. The condition that A75”** =0
for n odd is equivalent with the constraint

1 1 2 2
VA, — el ) sl _A® AR, (5.47
The final answer is ( \(( )')2
2n — 1)((n — 2)!
ooXX _— _1\n
A 14+ (=1)" (20 —2)1 (5.48)

H .
Go'oxx(2) can now be evaluated in a closed form

s = oo [IOg(l — 2)]2
gmgcx(z) ZA XX GOOLL(4) = . (5.49)
n=2
Let us now rewrite (5.40) as
Z AZXXU G?L’Ll’o(l - Z) = gzi’aLxx(Z) + gg'g(x(z) - ggaLxx(z) (550)
n=2
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The RHS admits the expansion on the LHS if and only if

0§2>2+ + ng_ + \/5(0((,2_)2 =0. (5.51)
The formula for A2XX° then reads
oo ny((n—2)! 2

Note that this formula passes the nontrivial consistency check A5X*? > 0 for all n > 2.
At this point, we can obtain another constraint on the CFT data by recalling that the space of Zy-even
primaries with A = 2 is one-dimensional, spanned by p =% /V/2. Tt follows that

Agaaa _ (cg%;p)27 AgO'XX — c((720)p0§(0>2p' (553)

It follows directly from the definition of p that cggzp = V/2. Equation (5.48) then predicts

1
Cng:: NG (5.54)

Hence A$°°? = 1/2. By comparing this prediction to (5.37), we obtain the constraint

8l + AP 4 AP =1, (5.55)

which in particular satisfies (5.38) and which allows us to simplify the formula for AZ77¢

n — : 2
AP990 _ [(n — 1) + 9] M . (5.56)

5.3.4 Crossing of (oxoy) at O(9)

Our next step is to consider the crossing equation of (oxoy) at O(9)

D APXGEON(2) = Gl (1 2) — Gyl (2) + ) APOXGYON (1 - 2). (5.57)
n=2 2
Here
Aex = 3 (1) (en)? (5.58)
m:AY =
and
Gotn(2) = D2 [(emm)? GRT A7 2] | (5.59)
me{+,—}

To study the swappability of functionals, we need to estimate

Govox(2) = D AP G (z) (5.60)

n=2

as z — ico. Note that we have |A7X7X| < A7, Tt follows

|G (2)] < D AT |G ()]

n=2

121

[o.¢]
=3 AP | Py (n — Ln — 15205 227))
v S (5.61)

> n — . 2
< Zz[n(n —1)— 2(—1)71](2271_2)2'))! | 2" Fi(n — 1,0 — 15205 224 |)

— Olog(2))
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To go to the second line, we used a standard transformation of 9F] hypergeometric functions. To go to
the third line, we used (5.52) and the positivity of coefficients of the series expansion in the 9 F;. To go to
the last line, we explicitly evaluated the sum on the third line and took the limit z — oc.

Since the kernels of the functionals wi """ go like 272 for n > 2, these can be safely swapped with the

sum over conformal blocks. We find

2((n —2)H)? .

AT = OG5 (1 = 2) = Gy ()] = (1)l = DAY + AT + =5

(5.62)

Let us recall again that due to the factor (—1)7=, we must have |AgX7X| < A7*X? and note that AFXT = 0.
It follows A5X?X = 0, which gives the constraint

1
AP + AP = 5 (5.63)
Hence ( )‘)2
oxox — [(_1\n—1 o n—2)! — (_1\1 goxxo
A7 [(=D)" " "n(n—1)+ 2] 7(271 —9)1 (=) A7 . (5.64)

. . . . (1) . I A(O)fl .
The last equality implies that, for all primary operators P, cgym # 0 only if (—1)”™ = (=1)2m ~'. Since

there are no parity-odd primaries with AY — 2, this fact explains why we found A5**” = 0 in the first

place.

5.3.5 Summary of results so far

So far, we have implemented crossing of (760,04) up to O(V9), (coxx) and (oxox) up to O(§), and
(oooo) up to O(62). This has lead to the following constraints on the CFT data:

AP —2v3, AP 4aA? -]

— 5
o _ 1 o _ -1 2) @ _ 1
CO'X:I: \/i ) CO’X:l: + ]_6 5 CUX"" + CO_X_ 128\/5 ,
(1) 1 2) 15 @3 @ 543 2 (5.65)
Coot \/§ y Coot 16 » Coot Coo— \/> <256 6 )
1) 1 _
Cyx+ — Cxx— = 07
0 0 3 0 0 1
Cgr3r+:0(—)——:§7 cii_:c+>__:—§.

We will now consider crossing symmetry of the remaining correlators in (5.17).

5.3.6 Crossing of (cooy) at O(5%/?)

The crossing equation takes the form

Z AGTTX GO0 (2) = GhE (2) — Gofor (2) + Z AT G001 — 2). (5.66)
n=2 n=2
Here
Azerx = N B ) (5.67)

m:AS,?):n
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and

AUvAdyAdvA
g;bLax () = Z |:Cacrmcoxm GAm * (Z)]
TTLE{*F,*}

AC'?A 7AO':AO'
gzt;zfo)((z) = Z {Caamcaxm GAm X (1 — z)}
m€{+77}

53
(5.68)

53

To check for the swappability of functionals, we estimate

[e.e]

oo
|30 AT GO ()] < 3 Ao GO0 (2)|

n=2 n=2

(o)
< Z VAZITTN) AKX | 2Py By (n— 1, m; 2n; 2|

(5.69)

’n—12F1 (n

Tl— n .2
Z 1) +2](( -2)Y E )

—2)! T

= O(log z).

0,0,0,1

Since the kernels of the wy, functionals are O(z~2) for all n > 2, they can be swapped with the sum

over conformal blocks. We find
ooo O 0,0,11t,L s,L _
An X = [gooax( ) - gao‘ox(z)} - 07 (570)

for all n > 0. The equation holds because all of the hitherto unknown parameters only appear through an
overall prefactor, multiplying the function (2z —1)/z. The latter function satisfies (5.70). Note that based
on previous information, we could have predicted that A5°°X = 0 for n even. This is because c((,%,)m #0
only if (=1)7m =1, and c((,lgm # 0 only if (—1)/m = (_1)A$2)—1' For n odd, (5.70) is a new fact.

We can now go back to the crossing equation (5.66), which becomes Ginoy () = Gotoy (2). This is in
turn equivalent to the new constraint

3 _ 303 w2
D v2cl) V2l = T (5.71)
5.3.7 Crossing of (oxxx) at O(V/9)
The crossing equation takes the form
Gk (2) + S AP GOLLL () = gL (1 - 2) + D APOX GOLLY(1 — 2), (5.72)
n=2 n=2
where
s Ao Ay, Ay, A -
ga’xLxx(Z) = Z [C"chxxm GAm o X(z)} 53’ AR = Z Ct(fl>2m0§<0>2m' (5.73)
m€{+,—} Ag,?):n

Based on previous findings, we can conclude that in fact A5 = 0 for all n. Indeed, since the y x Y OPE
0

at § = 0 contains only the identity and double traces, we have ngzm # 0 only if (—1)/m = (—1)A5n) =1.

On the other hand, we have seen that c(%zm # 0 only if (—1)/m = (—1)A’(’3)*1. Thus CE;l;szggzm = 0 for all

primaries P,.

The crossing equation (5.72) does not impose any additional constraints on the CFT data.
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5.3.8 Crossing of (c00104) at O(0)
The crossing equations take the form

Z AUUOLb GO oL 1( ) ngab(z) B gaoab + Z Aaabg GO,LLO( Z) ’ (574)

n=2 n=2

with a,b € {+, —}. Here

A= S A = Y el -
m:Agg):n m:A%?):n
and
Aﬂ'aAG'yAazA
gj—fab(z) = Z [Ca'amcabm GAm b(z)} ‘5
07 [
t,L o) Ao Ay A Ay (576)
go’oab(z): Z [CamacambG A (1_2)”6 .
me{o,x}

The situation with swappability of functionals is identical to the correlator (coyx), discussed in Sec-
tion 5.3.3. In particular, w?{o’l’l are not swappable, but the subtracted version wno Lt , defined in (5.45),
are swappable. We have

Azaab _ &72,0,1,1[gt,L (Z) o gs,L (2)] ) (577)

ogoab coab
We then perform the sums over conformal blocks to obtain

o0

Golp(2) = D AT GROV () (5.78)
n=2
Then we extract A7 from
Z Azaba G%LLO(Z) = g?gLab( ) + gao—ab(l - Z) - gaaab(l B Z) (579)
n=2

It turns out that the existence of the expansion on the LHS imposes additional constraints on the CF'T
data. If these constraints are not satisfied, the RHS contains a spurious conformal block G(l]’l’l’o(z). The
constraints are
9A® L3 ) V2 a0 B s w1 g
2+ (C+++—C++_)—§, 2+ (c___—c+__)——§, (C++_—C+__)—§. (5.80)
We can use these to solve for CEBF e CSBF , and csrl)__ in terms of A(_Z)
constraints, we obtain

1)

and ¢ Once we impose the

(n—1)[nn—1)+4+2(=1)"] ((n — 2)!)?

oo++ co—— __
An - An -

2n (2n —2)!’ (5.81)
Ao0ot— — pAoo—+ — _ (n — 1) [n(n — 1) — 2(_1)71] ((n — 2)!)2
" " 2n (2n —2)1 "’
and 2
AT = AT = = 1 1= (-1 (=2
(n— 21 (5.82)

ATHO = AT = 1 (1))
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The above formulas for AZ7% and A%%° pass several nontrivial consistency checks. Firstly, recall that
the spaces of both Zs-even and Zs-odd primaries with A©) = 2 are one-dimensional, spanned by p, p. As
§ — 0, we have p —:x% /v/2 and p —:0x% /v/2. It follows that

Agoab — 6(2) C(O) Agabg — C(l)~C(1)~ (583)

oop“abp cap obp *
Recall from (5.54) that cg%)p = 1/+/2. Equations (5.81) then predict
=0 =v2, P =o. (5.84)

These results can be verified explicitly in the free theory at § = 0. Indeed, they are equivalent to the
following three-point functions between p and the operators Og4, Oy,

Cggp = Chhp = \/5, Cghp = 0. (5.85)

cghp = 0 is immediate from the matrix structure, cpp, = V2 is a simple exercise with Wick contractions.
Cggp = V/2 requires more work but holds too.
For another consistency check, involving p, note that (5.83) implies

Ag-H-gAg——o _ (Ag+—o)2 . (586)

Indeed, (5.82) predicts that both sides equal 1.

5.3.9 Crossing of (¢01004) at O(0)

The crossing equations takes the form

D AT GO0 (z) = Gl (2) = ol (2) + Y AT GO (1 - 2) (5.87)

oaocb caob
n=2 n=2

with a,b € {+,—}. Here

oao 'm 1
D DI Co VL c NS (5.88)
m:A(W(l)):n
and
gjaLob(Z) = Z [Caamcabm Gﬁ:Aa7Ao’7Ab(z)j| ‘5
me{o,x}
t,.L _ Ao, Ay Ay Ag _ sk (5.89)
Groon(2) = Y |CoamCotm GA” (1—2) = G (1—2).
me{o,x}
To study the swappability of functionals, note that
’Ag+a+| < Ag++cr7 ’Ag;aj < Agffa — Az++a7 |A<TT;+U’ < /A%++UA%——O — A¢77L++a. (5'90)

Using the same reasoning as in Section 5.3.4, we conclude that the functionals wyH0!

application produces

are swappable. Their

nl(n — 2)!

ot+o+ __ o—0— __ _1\n

(5.91)

n — . 2
AT = AT = (1) = nn ~ 1) - 4} SO
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5.3.10 Crossing of (oxO+04) at O(\/9)

The crossing equations take the form
Z Agxab Gg,l,l,l( ) _ gfy;fab( ) o go’xab + ZAabaX GO,I,LI( Z) 7 (592)
n=2 n=2

with a,b € {+,—}. Here

Agxab: Z (_1)Jmc(1) 0

oxm~abm ’
:A.SS):
b m n o . (5.93)
aal m _
An X = Z ( 1) CoamChym = Z CoamCybm
m:Ag,?):n m:Aﬁg):n
e Ao, Ay, Ag,A
L g r=as
gzixab( ) = Z [Coxmcabm GAm X b(z)} ‘\/3
me{+,—}
t,L o Ao, Ay, Ag, Dy (5.94)
gaxab(z) - Z CxamCobm GAm 1 — Z \[
me{o,x}
Following the same logic as in the previous subsections, we find that the functionals wit are not

swappable with the sum over conformal blocks on the LHS of (5.92). We can define subtracted functionals

B —1))?
GOLLL = OLLL 4 (_1)11”(((27;_2))')005),171,17 (5.95)

which are swappable. We obtain

~ L L
Agxab = GOBIGH" (2) = Goran(2)] - (5.96)
Since the space of Zs-even primaries with A(®) = 2 is spanned by p, and since we know from (5.52) that
N =0, we conclude AT = AJX™" = AJX* = 0. This condition imposes the following constraint on
the CFT data
24A? 1 16v2c") _ —8v2cl) +33=0. (5.97)

The functionals (5.96) and the crossing equation (5.92) then lead to a unique answer for the coefficients

AZXJFJF _ —Azxii _ [1 . (_1)n][n(n — 1) + 2] (TL 2_(217):(_n2—)'2)' ’
] (n— 1)i(n —2)! o
AUX+ Ao‘x + [1 4 (_1)”“7}(7’& — 1) - 2] 2(2n — 2)‘ )
and o++ o—— n (n _ 1)'(” _ 2)'
AT = AT = (1) =D 1) = o T
o 1 2)" (5.99)
AT = — AT = (=) (0 — 1) + 25 2(2n —n2)- |
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5.3.11 Crossing of (¢0+xO4) at O(\/9)
The last crossing equation that we will consider takes the form

S AT GO (2) = GhE () — Gk (2) + 3 AT QY (1 - ), (5.100)

ogaxb oaxb
n=2 n=2

with a,b € {+,—}. Here
Agaxb _ Z (_1)Jmc(1) C(O)

oamExbm (5.101)
m:A(mO):n
and Ag,Ag, Ay, A
gjal;(b(z) = Z [Caamcxbm GAZ: o b(z)} ‘\/S
me{o,x}
(5.102)
Ag,Ap,Ax,Ag
g(t;(fxb(z) = Z [Cobmcxam GAm X (1 - Z)] ‘\/S = gjbl)/(a(l - Z) :
me{o,x}
Again, we can use the subtracted functionals oob L of (5.95) to extract AGXb by applying them to (5.100)
~ t,L L
Agxb — wg’l’l’l[gaaxb(z) =G (2] (5.103)

The answer is

AZ+X+ — _AZ—X— — [(n _ 2)(n + 1) _ 4(_1)17,] (n 2_(212;(_712—)‘2)' _ (_1)TLAZ++X,
(n— Di(n 2! ’ (5.104)
AT = ATXF = _[n(n — 1) + 2] o (=1)rA7X.

The relation A5X" = (—1)" A5°%X satisfied by these formulas is explained by observing that at § = 0 the
s
X X O OPE contains only double trace operators x 90" Oy with A =2 + n and parity (—1)".

5.4 Consistency checks

We can combine the previous results (5.82), (5.91) to obtain sums of c((,chSbLL over Py, with fixed Al
and (—1)7m. Indeed, we have

oabo cach

A= Y ), = AT AT
m:Agg):n
(—=1)/m=+1

1 Aaaba _ Aaaab (5105)

AT = Y ey, =
m:A(mo):n
(—=1)/m=—1

The resulting expressions need to pass a number of consistency checks. The first consistency check arises
from the observation that A7 T2, A7 2, ATHAT and A7 7 are sums of squares. Therefore, they must
be non-negative. We can easily check that this is indeed the case for the above formulas.

The second consistency check is to note that for any n > 2 such that the space of Zs-odd and respectively

parity even, odd is zero-dimensional, we must have respectively Ajtd? = A7 9 = AT 9 =0, AZ;:&’ =

AT = AT 9 = 0. We see from (4.16) that this is the case for odd parity with n = 2,4 and never the
case for even parity. Again, this agrees with the above formulas.
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The third consistency check are the Cauchy-Schwartz inequalities

(Anen)® SATEGATGS (ATEad)? < ATLITAT AT - (5.106)
Furthermore, whenever the relevant space of primaries is one-dimensional, the inequality must be saturated.
From (4.16), we must have saturation for even parity with n = 2,3 and odd parity with n = 3,6. Again,
it is not hard to check that all of these properties are satisfied by the above formulas.

We can carry out another consistency check by noting that the space of Zs-odd, parity-even primaries
with A = 2 is one-dimensional. At § = 0, it is spanned by p = x263 /v/2. Tt follows from the field theory
description at § = 0 that

o _ (0 _
Cotp=Cp=1. (5.107)

This is consistent with (5.99), which furthermore predicts

1 1
o=-1, o =1. (5.108)
We must therefore have
ASHTo = A 7= —AJT 7 =1, (5.109)

which indeed agrees with (5.82).

One more check follows from considering the space of Zs-odd primaries with A = 3. For each
parity, this space is one-dimensional (4.16). Let us denote the corresponding parity-even primary u, and
parity-odd primary g/. From (5.82) and (5.91), we find

o _ o _ 1 o _ oo _ 1
C = —Co.ilu = i%, Co’—l—,u’ = Co’—p,’ = i%, (5110)

where the choice of sign on the RHS corresponds to the ambiguity in the definition of yu, u/. It follows that
we must have

. 1 _ _ 1
ATHX A7 = iﬁcgw ASHX AT i%c@w, (5.111)

where the two signs on the RHS must be the same. This is consistent with (5.99), which furthermore

predicts
© __ 0 _, /2
Cotpt = —Cyipr = i\/;. (5.112)

This result can be checked by a calculation in the free theory at § = 0.

5.5 Solution for the CFT data

Let us combine the constraints we have derived to determine the CFT data. The constraints consist
of (5.65) together with (5.71), (5.80), and (5.97). They constitute 9 linear equations for the 12 unknowns
2 2 3 1 1 1 1 1

A @D (5.113)
In order to find a unique solution, we will make use of the expected symmetry of the CFT data under
the switch @4 < O_, accompanied by v/ — —v/d. Note that this symmetry does leave the lower-order

results in (5.65) invariant. To implement the symmetry at higher orders, let us impose the following 3
equations

A @ _ @ B 6 (5.114)

o+ = " Ox— Cox+ = Cox—> oo+ — Coo— -
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We then find a unique solution

Aizli\@\/g—ngrO(&g),

1 V0 )
oyt =—=F-————=+4+0
cX:l: \/5:': 16 256\/5 (

(=%
N

)

Vo 15 543 w2\ o2
ot = e — 254 (222 D) T L 08,
RV NG <256 6) 2 @) (5.115)
Cxxi:O(fs)a

3 39 1 V5

=+ ——=V5+0(), ==+ ——=+0(9),

Cr++ 2 " 16v2 (9) C++ 2 " 16v2 (9)

3 39 1 5
=2 54 0(0), === +0(5).
¢ 2 16V2 Q “ 2 162 ()

Reassuringly, the solution exhibits the symmetry also for AL+ and ¢4+, although we only imposed it for
Cyx+s Cox+, and cyo+. As promised, the solution agrees with predictions of the RG method of Section 4.

5.6 Checking the OPE relation

As we discussed in Section 2.2, the OPE coefficients involving ¢ and x in the critical 1d LRI must satisfy
certain relations. Specifically, for any four primaries ¢;, ¢;, ¢r, ¢¢, we have [44] (see also appendix G)

As+Ai—Aj+ai; T Ao —Ai+Aj+aij T 1-Ag+ARr—Dp+ag T 1-As—Ap+Ap+ag
CoijCxkt 2 2 2 2

Cxijcakf - r (17A0.+A57Aj+aij) T (17A07A2¢+Aj+aij) T <A0+Ak§Ag+ak5) T (Ao*Ak;AZ‘FGkZ) )

(5.116)

where a;; = [1 — (=1)%7]/2 = J; + J; mod 2.
Let us test whether these relations are satisfied by the CFT data (5.115) derived using the bootstrap.
There are three choices for (i,7,k,¢) € {0, x, O+, O_}* giving rise to independent constraints:

(iuj’kve) = (07 O+7Ua O—>7 (Z7]7k7€) = (Uv O+7X7O+)7 <Z7]7k7€) = (07 O—7X7O—)' (5117)
Considering first the case (4,7, k,¢) = (0,04, 0,0_), the bootstrap solution (5.115) predicts

CootCox— Vo 49 3
IITIOXT — 14+ —— — =5 4+0(62). 5.118
Cox+Coo— 2\/§ 16 ( ) ( )

At the same time, the RHS of (5.116) evaluates to

5+ 0(62). (5.119)

L TVE @+Af>+A@
22 16 V2

We see that (5.116) holds automatically up to O(d) since Af) +A% =0 by virtue of the v/ — —/d
symmetry. This agreement is a highly nontrivial consistency check of our results.

Moving on to the cases (i, j, k,¢) = (0,04, x, O ), we find that the corresponding relation is satisfied
by the bootstrap solution (5.115) up to O(J). When we impose the OPE relation up to O(6%), we obtain
the new result

w2 1lx?

_ 3 2
Cok = 5 == 16\@62 + 0(67). (5.120)
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5.7 Four-point functions

Let us conclude this section by collecting the analytic bootstrap results for the four-point functions that
we studied. We obtained them by combining the OPE contribution of ‘light’ operators 1, o, x, O+, O
with that of ‘heavy’ operators, using the closed formulas for AR We begin with all four-point functions
involving only ¢ and y:

goaa(r(z) =1- [10gZ + log(l - Z)](S

+ [—GLig ( ) + 4log(1=%)Lig(2) + log®(1 — z) + %logz(z) + %logQ(l —2)
—log?(2)log(1 — z) + 17r2 log(1—2)+ 1log(z) log(1 — 2)| 6% + O(6%),
3 2 (5.121)
Gooox(2) = \@z zlogz + (1 — 2)log(1 — 2)] 6 + O(6%),
Gooxx(2) = + 2 2[log z + (log(1 — 2))%]6 + O(6?),
Goxox(2) = 1+ [log z — log(1 — 2)125 + O(6%),
Goxxx(2) = O(9) -
Next, we list the four-point functions involving only o, O4, and O_:
Gois(2) = 2 F V322 [210g 2 + log(1 — 2)] V5
+ 272 [—Lia(z) + log?(1 — z) + 4log?(2) + 3log(z) log(1 — 2)
—2log(z) — 2log(1 — 2) + 5= )} o+ 0(5%)
Gootr(2) = [ng( )+ log(1 — z) log(z) — %log(l z) + e 1)} 4+ O((S%) (5.122)
Gori(2) = ?ﬁ\/ng 4 l08(2(1 = 2)) + oy + & + 5] 0+ 0(%),
Goior(z) =1+ V2[log z — log(1 — 2)|]V6
2 3
+ [(log (%)) - 310800 - ) + oty - 5 + 64} 5+ 0(5%).
We conclude with all four-point functions involving o, x, O+ and O_:
_ 1 422 — 92+ 8(z — 1) log(1 — 2) + 9
Goxe(2) = 5 ) * 8(z—1)2 Vi+0(),
B 1 (z—2)z—2(z —1)log(1l — 2)
sl = o e Vi+0(),
B 1 9(z — 1)z — 8(z — 1)zlog[2(1 — 2)] + 4 (5.123)
Gt (2) = V22(2 — 1) = 8(z — 1)222 Vo +009).
1 22(1—z)log(lfz>—22—i—1
go:ﬁ:X$(Z) = \/iz(l—z) + 2(2—1)22’2 \/5—1_0(5)

6 Conclusions and future directions

In this paper, we elaborated on the weakly coupled description of the short-range crossover for the 1d
long-range Ising model universality class, presented in [21].

For all s € (1/2,1), the 1d LRI has an interacting IR fixed point. While a weakly coupled description
near s = 1/2 is provided by a GFF with ¢ interaction, this model becomes strongly coupled near s = 1

50



and an alternative, weakly coupled field-theoretic description remained unknown for a long time. We have
filled this gap, introducing the model in equation (3.9), which generalizes the Kondo model by giving
a non-vanishing canonical dimension —§/2, with 0 < § < 1, to the scalar field ¢. We claim that the
U (1)-singlet sector of its weakly interacting fixed point describes the 1d LRI CFT at s = 1 — 4.

The idea behind the model is based on the physical description of the 1d LRI provided by Anderson
and Yuval [46, 47, 48, 22| for s = 1, and extended by Kosterlitz [23] to s < 1. They recognized that at low
temperatures, the 1d LRI close to s = 1 could be written as a dilute gas of kinks and antikinks, with the
(anti)kinks describing domain walls where the spins of the LRI flip. At s = 1, this Coulomb gas admits
various other descriptions, such as a perturbative expansion of the Kondo model, that in its bosonized
version is similar to the boundary sine-Gordon model, but with an extra single spin-1/2 degree of freedom
implementing the constraint of alternating kinks and antikinks. The latter description is the starting point
for our model (3.9), that extends it to s < 1.

There is a loose analogy between our construction and the corresponding higher-dimensional model
of [9, 10]. In 1d, the zero-temperature SRI model has a single qubit degree of freedom, with the spin
field represented by the Pauli matrix &3, see Section 2.4. We can thus view the O interaction in our
model (3.9) as the analog of the oy interaction of [9, 10]. Indeed our notation for the operator y was
not accidental, as also in our case it represents the shadow of the spin field in the LRI CFT. The main
difference in 1d is the need to introduce operators that create kinks and antikinks, otherwise the model
would be trivial, and in particular it would not lead to the LRI CFT at s < 1, or to the logarithmic
corrections at s = 1. As the (anti)kink-generating operators cannot be written in a local way in terms of
X, we are led to introducing the ancestor field ¢, such that xy ~ d¢. In terms of ¢ and of the slo-triplet
{43,64,6_}, the (anti)kink-generating operators are the vertex operators e which we combined in
the O, interaction in (3.9).

Our model (3.9) can appear to be nonstandard for at least three reasons: (i) the unperturbed theory
is a compact GFF with negative scaling dimension; (ii) the perturbation O, is not a scaling operator of
the unperturbed theory; (ii7) the perturbations involve matrix degrees of freedom and a path-ordering.
However, as we have argued in the main text, and as corroborated by the overall self-consistency of our
results, none of these aspects should cause headaches.

Concerning the first point, 1d GFF with negative scaling dimension is standard in the mathematical
literature, corresponding to the fractional Brownian motion [60]. Indeed, as reviewed in Appendix A, this
class of theories arises from a probability measure on the space of continuous functions, defined modulo a
global additive constant. In other words, these are shift-symmetric Gaussian theories, their well-defined
local observables have positive scaling dimension, and their target space can be consistently compactified.

Regarding the fact that O, is not a scaling operator of the unperturbed theory, we make the following
remarks. Firstly, even in standard massive perturbation theory, operators such as p? are not scaling
operators, they only become such in the UV limit, when the mass is neglected. Similarly, one could
consider the UV limit of our model, in which case by — 0. In this limit, O, reduces to a scaling operator
of vanishing dimension. Moreover, in that same limit, one could expand O, in an infinite series of relevant
scaling operators. Since the U(1) symmetry protects their relative coefficients, they still only give rise to
a single coupling. Unfortunately, we have not obtained a proof of renormalizability to all orders in this
framework. Having said that, we found no evidence that counterterms of irrelevant operators should be
added, up to second order of the perturbative expansion. Lastly, the RG computations of Section 4, and
their agreement with the bootstrap computations of Section 5, corroborate our point of view, showing that
the model provides a perturbative computational framework for extracting CFT data of the 1d LRI near
s=1.

As for the fact that the interactions involve matrix degrees of freedom, we notice that similar models
appear naturally in condensed-matter systems, like the Kondo model itself, and more generally for systems
with localized impurities, see for example [66, 67]. Moreover, the 2 x 2 matrices and the associated path
ordering could be traded for a path integral using a complex bosonic spinor [68, 66, 67], as reviewed in
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Appendix C.1.

An advantage of our description is the possibility to easily compute, in a systematic way, a host of CF'T
data, consisting of operator scaling dimensions and OPE coefficients, perturbatively in the couplings g, h.
In Section 4 we have done this for the first few low-lying operators, including the two marginally relevant
operators O, which are linear combinations of Og4, O}, appearing in (3.9). Since our model describes a
family of 1d CF'Ts, we compared the perturbative results against results obtained by the analytic conformal
bootstrap in Section 5. Here, the only input are the symmetries of the theory, and the spectrum at s = 1.
We found complete agreement with the perturbative RG computations, and extended them to higher
orders and other observables. This includes a large class of four-point correlation functions of light fields,
which themselves encode an infinite set of CFT data.

The agreement solidifies our claim that the fixed point of (3.9) describes the 1d LRI near s = 1. The
results for scaling dimensions and OPE coefficients are summarized in Table 2, and those for four-point
functions in Section 5.7.

The nonlocality of the 1d LRI implies several nonperturbative properties of the CFT data. In particular,
certain ratios of OPE coefficients involving ¢ and y are given by ratios of gamma functions of the scaling
dimensions, see Section 2.2.3. These OPE relations have been used as important constraints in bootstrap
studies of the long-range Ising model [44, 14]?. However, we did not use them as an input in our analytic
bootstrap analysis. Instead, the OPE relations are satisfied automatically (and in a rather nontrivial
manner) by the bootstrap solution, which serves as another important consistency check. See Section 5.6
for more details.

Observable Value
A, % (exact)
Ay 1-— % (exact)
Al 120+ 2 +0(5%?)

=2\ §3/2
Coot i\/g—%i <%—?> %4—0(52)

Coet % :FQ\{—(? - 22%5 +0(6%2)
Cot —mh g Ure 2 4 08
Ctot s+ % +0(9)
ot —}+ 255+ 0(9)

Table 2: Summary of results for scaling dimensions and OPE coefficients from perturbative
computations and analytic bootstrap.

It is interesting to compare the perturbative RG and the conformal bootstrap treatment. The RG
treatment provides a self-contained definition of the model, and a framework where any quantity can in
principle be calculated to any order in perturbation theory. In practice, the conformal bootstrap arrives
at the final results more efficiently, by virtue of operating directly at the conformal fixed point, and by
focusing only on the pertinent quantities. Note that the only input from the RG model needed to perform
the conformal bootstrap calculation was the knowledge of the spectrum of scaling dimensions strictly at
6=0.

One may wonder whether the conformal bootstrap could be used to completely replace the perturbative
RG treatment. Perturbative RG can, at least in principle, determine all the CFT data to all orders in
V6. We have seen that, to the first few orders, the conformal bootstrap does determine at least some

28Gimilar relations can be derived for other models describing interacting defects, such as boundaries, in a free bulk CFT
[80, 81]

92



CFT data with greater ease. To continue in this manner to higher orders and for other pieces of the CFT
data, it will be necessary to enlarge the set of external operators in the four-point functions whose crossing
symmetry is imposed. It is plausible that crossing symmetry of all four-point functions does determine the
CFT data to all orders (and even non-perturbatively at finite ). However, we are not aware of any result
that would imply that in order to determine a given finite set of CFT data to a given finite perturbative
order, only a finite number of crossing equations will be needed. In this sense, perturbative RG has not
been superseded. However, see [82] for an analogous situation in geometry where the bootstrap provably
determines all the data.

We conclude with several open questions, left for future work. It would be interesting to explore other
possible formulations of our model. For example, it might be useful to find a formulation reinterpreting it
as a boundary theory of a massive scalar in AdS,. By a standard AdS/CFT construction [83], the GFF
¢ could be viewed as the boundary theory of a bulk Klein-Gordon field with squared mass m? = g(l + g)
and negative-branch boundary condition A_ = % - ,/% + m2, which is admissible [84] for m? < 3/4, i.e.
6 < 1, the upper bound corresponding to the value at which the GFF reduces to the standard 1d free
scalar. It would be nice to construct the 1d LRI as a suitable boundary condition for this AdS theory.

It would also be interesting to study the interpolation of CFT data in the range 1/2 < s < 1, with both
s —1/2 and 1 — s not infinitesimal. The perturbative results that we obtained here near s = 1, together
with perturbative results for the ¢* description near s = 1/2 (derived at three loop for any dimension
in [26, 14]), provide useful benchmark points for any nonperturbative study aiming at addressing such
question. They could be also used to attempt an interpolation by means of resummations, but this
approach is hampered by the small order at which the perturbative series are currently computed (see
nevertheless [27] for some progress in three dimensions). Monte Carlo simulations offer another approach
to study the nonperturbative interpolation between the ¢* and the near short-range regimes. Only a few
results for the 1d LRI are available [85, 86, 87, 88], and it would be desirable to improve them to enable
a comparison with our results. Another approach that could be adapted to this problem is provided by
the functional renormalization group (see e.g. [89]), already applied to long-range models for example in
[90, 91].

Since the critical 1d LRI corresponds to a family of 1d CFTs, one could use the numerical conformal
bootstrap [92] (see [93, 94] for reviews) to identify the 1d LRI and bound its CFT data, as was done for the
higher-dimensional LRI in [44, 14]. It is also an interesting target for the multipoint numerical bootstrap,
recently developed for one-dimensional CFTs [95, 96].

The Ising model, either in its short-range or long-range version, is a cornerstone of statistical physics,
and thus the problem solved in [21] and this paper was a particularly pressing one. Similar questions can
be asked for a variety of other 1d long-range models. For the long-range O(N) model, a perturbative
description near the short-range end was already provided by Kosterlitz in [23], in the form of a long-range
nonlinear O(N) sigma model, see also [97]. For other models, such as the long-range Blume-Capel (or
tricritical Ising) model or the long-range Potts model [98, 99, 100], the situation is much more open. Same
holds true for their particularly important limits, such as the self-avoiding walks [101] and percolation [102],
or for disordered versions of these models [103, 104].

We hope to come back to these questions in the near future.
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A Generalized free field on the line

A d-dimensional generalized free field theory (GFF) is the quantum field theory of a single scalar ¢, whose
only nonvanishing connected n-point function is the two-point function (¢(x)p(y)) = C(z — y), assumed
to be invariant under rotations and translations. All other (not connected) n-point functions are obtained
as sums over Wick contractions. In other words, a GFF is a centered Gaussian measure, and as such it
can be defined without introducing any action functional, see e.g. [64, 105], whose explicit expression we
postpone to the following subsections.

Assuming also reflection positivity, GFFs provide the simplest examples of QFTs satisfying the stan-
dard axioms [106, 64]. If furthermore we take C(z) o 1/|z|?2¢, with A, being the scaling dimension of
v, then the GFF is also conformally invariant, it is known in the mathematical literature as fractional
Gaussian field [58], and for A, = (d — 2)/2 it reduces to the standard massless free scalar.

We restrict now to a GFF in d = 1, reserving the name GFF precisely for the case of a fractional
Gaussian field. For A, > 0, it provides the simplest example of a 1d CFT as defined in Section 2.2.1.
For A, < 0, its definition and conformal properties are slightly more subtle, but it is also a well studied
random field, associated to the fractional Brownian motion with so-called Hurst parameter H = —A,,, see
for example [58, 59, 107]. The intermediate case A, = 0 corresponds to the log-correlated Gaussian field
[108], which shares many technical aspects with the A, < 0 case, and which in d = 1 coincides with the
usual 2d free field theory restricted to a line, as we will recall below.

We review here in simplified terms the construction of the GFF probability measure and the associated
action functional, referring for more details to the original literature from which we draw our presentation
[64, 58, 107, 109].

The main idea behind the rigorous construction of a GFF is to use the Bochner-Minlos theorem. Let
S(R) be the Schwartz space of test functions f : R — R whose derivatives of all orders exist and decay
faster than any polynomial at infinity, and let Z[f] be a given complex-valued functional on such space. Let
us introduce also the space S’(R) of tempered distributions, i.e. the space of continuous linear functionals
on S(R), so that if p € §'(R) and f € S(R), then the canonical pairing ¢[f] = (¢, f) € R exists, and we
formally write

@W—AM%W@~ (A1)

One nice feature of S(R) and S’(R) is that the Fourier transform and its inverse act as linear endomorphisms
on these spaces.

The Bochner-Minlos theorem states that there exists a unique probability measure p on S’(R), such
that Z[f] is the characteristic function (or generating functional) of u, i.e. its Fourier transform

2101 = [ dutp)eln, (A2
S'(R)
if and only if Z[f] is continuous, Z[0] = 1, and Z|[f] is positive definite, i.e.
> 5@l — il 20, Vfi,... fo € SR), and z1,...,2, € C. (A.3)
k=1

A GFF is then defined by the assignment of a characteristic function of the form

Zonolf] = e 28ellel) = g=3 [ dzdy Cle—0)f(@)f(w) (A.4)

If the exponent can be cast in the form of an inner product in some space, then it is straightforward to show
that Z .. [f] is positive (proposition 2.4 of [58]) and the Bochner-Minlos theorem applies. In following this
argument, it is important to treat separately the cases of positive and negative scaling dimension, as we
will now explain.
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This construction might seem beyond the scope of our paper: after all, except for the choice of covari-
ance, Zq.p|f] is the standard generating functional for Gaussian correlators, familiar to any field theorist.
And indeed at the end things are essentially as straightforward as they seem, if 0 < A, < 1/2. However,
outside such range things become more involved, and following the steps of a rigorous construction leads
to important insights.

Assume that C(x) is normalized in such a way that in momentum space it reads

~ 1

In other words, the covariance is precisely defined as the fractional Laplacian (e.g. [110]) of power —( =
A, —1/2. One would like to apply the Bochner-Minlos theorem with the characteristic functional being
given as above, with the choice

AT =111y = [ o2 F) P Fp). (A6)

where || f[| —¢(r) is by definition the norm on the Sobolev space H ~C(R), i.e. the Hilbert space completion
of the set of Schwartz functions having finite norm. For 0 < A, < 1/2,i.e. 0 < ¢ < 1/2, the norm (A.6) is
finite for all Schwartz functions, hence the existence of the GFF as a probability measure is established.?”
On the contrary, for A, < 0, i.e. ¢ > 1/2, the singularity at p = 0 renders the norm divergent, unless
fM™(0) =0 for n < | —Ay]|. Therefore, in the latter case one introduces the subspace S,(R) of Schwartz
space spanned by test functions that in momentum space vanish at the origin, together with all the
derivatives of order less or equal to the nonnegative integer r (equivalently, such that in position space
J dzP(z)f(xz) = 0 for all polynomials P(z) of degree r). The norm (A.6) is then finite in the restricted
space of test functions S| _a | (R), and we can establish the existence of the corresponding GFF measure
on its dual space S/L* A, |(R). We refer to [58] for more details.?”

In the remainder of this appendix we review some other aspects of the GFF, distinguishing the cases
of positive and negative scaling dimensions, and introducing some of the notation used in the main body
of the paper.

A.1 GFF with positive scaling dimension

As remarked above, the GFF can be introduced without the need of an action functional. Nevertheless, it
is convenient to write an explicit action, as for example this simplifies the derivation of Schwinger-Dyson
equations. Moreover, this will make the nonlocal nature of the GFF explicit.

For positive scaling dimenssion, we write A, = (1—s)/2, with s < 1, as in Section 2, which corresponds
to taking ¢ = s/2. In path integral language, we can view the 1d GFF as a functional integral over ¢, and
write for example!

C@) = (p(a)p(0)) = [ldgleSerrHlo(a)o(0) (A
The action S, [p] is most naturally defined in momentum space. We normalize it as
1 [T dp _ s~
Selel =3 | SEelple() . (A8)

so that the covariance takes the precise form (A.5), as can be seen starting from (A.2) with du(p) =
[dple Sarrl¥] | and using the translation invariance of [dy] to obtain (A.4) with norm (A.6).

29The upper bound A, < 1/2 comes from demanding that the norm is finite also in position space.

30Notice that in [58] the parameter s corresponds to half our s, i.e. it coincides with the ¢ introduced above (the latter
being a notation used for example also in [25, 26]).

31The normalization of the Gaussian is implicit in the functional measure [dy], i.e. [[dple”Sarr (¥l = 1.
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The appearance of |p|® in the action makes evident its definition in terms of fractional Laplacian.
Indeed, among several equivalent definitions [110], the easiest definition of the fractional Laplacian is in
Fourier space, where (—92)%/2¢(z) is defined as the multiplication operator |p|*@(p). Coing to position
space one finds a representation as a hypersingular integral operator:

_H2Ys/2 1 ) o(x) — p(a)
(=07)* p(z) = lim /lxx/brda: PR (A.9)
where (La)
25T(=52 s
S S T A— in( =2
Cs = AT (—5)2) I'(s + 1) sin( 5 )/, (A.10)

This can be derived by first writing

1 oo et
2\s/2 _

whose validity is trivially checked by rescaling t — t/p? and recognizing that the integral reduces to |p|*
times the Cauchy-Saalschiitz representation of I'(—s/2) for 0 < s < 2. The singular integral representation
is then found by going back to position space and exchanging the order of integration [109].

Multiplying (A.9) by %gp(m) and integrating over x, we arrive at the action written in position space:

Cs too plxy) — plx 2
Senle] :4/ darrdas ’(xll)_ x2|(1+23>) : (A.11)

Written as in (A.11), the action is manifestly positive for 0 < s < 2, and the integral is regular at z1 ~ 2.3

The covariance in position space is of course the Fourier transform of 1/|p|®, which reads

- ‘$|1—s ’

C(z) (A.12)
and is a well-defined tempered distribution for 0 < s < 1. Notice that the restriction to positive s, i.e. the
upper bound A, < 1/2, is also understood from the lattice point of view, as it is known that a positive s
is needed for the existence of the thermodynamic limit [111]. The restriction to s < 1 is instead needed
for the positivity of A, without which the Schwartz space needs to be restricted, as explained above, and
as further elaborated in the next subsection.

A.2 GFF with negative scaling dimension

We now consider the case —1 < A, < 0, relevant to the construction of our model in Section 3. In this
case, adopting a notation consistent with Section 3, we rename the fundamental field as ¢, we denote the
expectation value in this GFF theory by (-)g, and we set Ay = —6/2,1e. 2( =2 —s=140.

As explained above, in this range of scaling dimensions, the 1d GFF can be rigorously contructed as a
probability measure on the space of distributions in Sj(R), the dual space of Sp(R), the latter being the
space of Schwartz functions satisfying the constraint [ dz f(z) = 0. Therefore, the covariance kernel is
defined only up to an additive constant. Indeed, the covariance kernel C'(x) is defined as

(GLFJ6lfal)o = / dzdy Cz — ) f1(2) fo(y) (A.13)

#2Sometimes the action is written as proportional to [ dzidwap(z1)@(w2)/|z1 — 22" . This expression is clearly singular

at x1 ~ x2 due to the kernel diverging with a power greater than one. It could be defined by analytic continuation from s < 0,
but that would make properties like positivity and shift invariance of the action less transparent.
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where f1, fo € So(R). As a consequence, if a function C(x) satisfies (A.13), so does C(x) + ¢, for some
constant c. Notice, that by such definition, we also have

@llolfllo= [ dedy G@ol)si (@) = 5 [ dedy((6@) - s@)ohl@)fl) . (A1)

However, one should keep in mind that this equality only holds for fi, fo € Sp(R). In particular, while
(¢(x)d(y))o is defined only up to a constant, {(¢(x) — é(y))?)o is a well-defined quantity, the variance
of the random variable ¢(x) — ¢(y). The latter is indeed the stationary-increment form of the fractional
Brownian motion with Hurst parameter H = —Ayg. In field theoretic applications we are rather inter-
ested in local observables, hence the appropriate well-defined random variables are derivatives of ¢, and
their products: since for example (0¢(x)0d(y))o = 0.0y(P(x)P(y))o, it is clear that no additive constant
ambiguity survives.
The GFF theory has a similar action as before

_Ns /*"" ($(21) — d(w2))* (A.15)

dxid
1 r1dx2 |LU1 — $2‘2+6

So[]

—0o0

We can also (formally) express the action as Sp[¢] = %qﬁ -C~1. ¢, with obvious dot notation, and C~!- ¢
to be interpreted as (proportional to) the fractional Laplacian (equation (A.9) with s — 2 — s).

For convenience, we will choose the normalization and the additive constant so that the covariance has
our desired limit for § — 0:

2
C(z) = =5 (|z]° = k%) = —2log(kl|z|) + O(9) . (A.16)
This normalization corresponds to choosing N5 = %cch,l,g in the action.

GFF as a boundary theory. At d =0, the 1d GFF has a natural interpretation as a boundary theory.
Consider the half plane ¥ ~ R x RT, where we use coordinates x = (x,y) such that the boundary is
located at y = 0. On X, we define the free theory of a bosonic bulk field ®(x), with action normalized as

So[®] = ﬁ [2 d?x 0,0/ ® , (A.17)

and with Neumann boundary conditions, i.e.
Oy®(x,y)|ly=0 =0, x€R. (A.18)
In other words, the restriction of the bulk field ®(z,y) to the boundary
O(z,0) =¢(z), xzeR, (A.19)
is a dynamical field with propagator®?

C() = ($(x)$(0))o = —2log(xle]) . (A.20)

®If we denote C(x) = — log |x| the propagator on R?, such that —;-8,0"C(x) = 6@ (x), then the propagator on R x R*
with Neumann boundary conditions at y = 0 is

C(Xl — Xg) —|— C(Xl — 5{2),

where we defined X = (z, —y). This gives an effective factor of two for the boundary-to-boundary propagator (y1 = y2 = 0).
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The non-local action of eq. (A.15) is recovered from (A.17) with the help of a result by Caffarelli and
Silvestre [112], according to which a Dirichlet boundary condition is mapped to a Neumann boundary
condition with the aid of a fractional Laplacian. In two dimensions, this means that if ®(x) satisfies

0"0,®(z,y) =0, (A.21)

with Dirichlet boundary condition (A.19), then

lim 9,®(z,y) = —(—02)Y?¢(z) = % / dp 2B = @) (A.22)

y—0t |z — 2/|?

Therefore, integrating (A.17) by parts and using the equations of motion of ®(x), that in the path integral
formalism is equivalent to performing the Gaussian integral, we are left with the boundary term

_ 1 e (1) — ¢(CU2))2
= 871'2/_00 dxlde ’xl _ x2‘2 , (A23)

So[]

that coincides with the 6 — 0 limit of (A.15), and now the Neumann boundary conditions for ®(x) are
equivalent to the field equations for ¢(x).

By analytic continuation, this connection can be generalized to § > 0, so that the GFF becomes
equivalent to conformal line defect for a free theory in noninteger dimension D = 2 — §. Although
unitarity of the combined bulk and defect system is not guaranteed in fractional dimension (see e.g. [113]),
this defect description has the advantage that it is manifestly local.

B From continuum 1d LRI to AYK model

We provide here a simple, but not rigorous, derivation of the AYK model, and its Coulomb gas limit, from
the continuum long-range Ising model of equation (2.2). First, we rewrite the latter as

Cs 400 - - +00
Sl =~ 23(1_5)/_00 dzdy (Jo —y["" = a' ™) Oup(x)0yp(y) + Z‘*/_w dz (p(x)? — p?)° -
400 +o00 .
_)\1/_ dl‘g@(l‘)—{—g/_ da (axﬂp(l’))Q ’

where in the first term we have integrated by parts once in & and once in y, and we have subtracted a
vanishing term (the product of two integrals of total derivatives) so that the limit s — 1 is manifestly going
to produce a logarithm. In the potential we have instead introduced p? = —\2/\4 (assuming Ay < 0) and
discarded a constant term, and we have introduced a constant source (A1) and a short-range term (o 6)
for full comparison to the original construction of Anderson and Yuval and of Kosterlitz.

We now consider the limit Ay — +o00 at finite p, which is justified by the behavior of the bare couplings
near the fixed point, when using a momentum cutoff. In such limit, the potential enforces the condition
©(z) = £p, and a generic configuration is of the type drawn in figure 2, which is a continuous version of
the blocks of up or down Ising spins. Therefore, the derivative of the field is nonzero (and divergent) only
at the points where the sign changes (also known as kinks and anti-kinks). That is, the field derivative
configurations are restricted to take the form

Dpn() = (B2)

0, if n =0,
:i:pzlgzl(—l)ié(x —x;), ifn >0 and % > x> T2 > .. > Top > — 5,

where the even number of delta functions is due to having assumed that outside the interval [—%, %] there
are no kinks and the field has the same sign on both sides of it.
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In order to tame singular expressions, we use a heat kernel regularization for the delta functions,
namely, we replace
\/i —27rz2

d(x) = dq(x) = e o (B.3)

where the normalization is chosen such that fj;o dx 0,(z)? = 1/a. The latter will thus provide a regular-
ization of the short-range term.

®(x)

T ] -

-L/2 L/2

S R SR

Figure 2: A typical low-temperature configuration of kinks and antikinks in the LRI model,
with n =2 and a/L ~ 1072,

-pr

Plugging the field configuration (B.2), with regularized delta functions, into the action (B.1), we obtain

2 1..2n )
S[Son] = - % ; (_I)H_] (’mz - x]|l 5 — al—s) + Alp ;(—1)1(% — a:i_l) (B 4)
0 csalTf(1—s) .
+ 2np2 (2(1 + 23(1—8)) )

where we have discarded terms of order O(a|z; — x;|~%) relative to those of order O(|z; — z;|*~*%), and we
have introduced a function f(z) = xz + O(z?%), which results from the integration over pairs of kinks at
Ty = Ty.

The resulting action has the same form as the classical Hamiltonian of the AYK model [23], see (2.20),
and in the limit s — 1, it becomes

2 1..2n
- T oo Z H_j log(|z; — z]/a) + Alpz —xi_1) +np2(0/a+ K/T) , (B.5)
z;é] 7

which was previously obtained by Anderson and Yuval [22].

In the partition function, we accordingly replace the functional measure by a sum over configurations of
the type (B.2), and we arrive at the partition function (2.18) of a Coulomb gas with charges of alternating
sign, with the following identifications:

g=-exp(—p*(0/a+r/m)/2), T =p*/2r, Hja=2\p. (B.6)

Such relations are nonuniversal, so it is not surprising that in our derivation in the continuum they differ
slightly from those obtained by Anderson and Yuval. However, they are qualitatively similar, and in
particular they imply that the LRI model without short-range term (6 = 0) and external field (A\; = 0) is
a line in the {g, J} plane, parametrized by p>.
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C Alternative formulations and gauging

C.1 Coherent state representation

The partition function in (3.9) is expressed as mix of path integral and operator pictures. A more ho-
mogeneous representation is possible by noticing that the defect operator D in (3.13) can be thought as
an evolution operator with a time-dependent Hamiltonian, if z is interpreted as Euclidean time. This
leads to the so-called coherent state representation (see for example [68, 53, 66, 67]), that is, a path inte-
gral representation in terms of a complex bosonic spinor z(xz) = {z1(z), z2(x)}, subject to the constraint
Z(x)z(x) = 1. Following the same construction as in the references above, we can write

trD = /[dzdz]d(zz —1)e 5ol (C.1)
with
Splz,¢] = / dw (2(2)02(x) = g(S+ (2)Vi (@) + S (2)V-(2)) — h Ss(2) x() ) . (C.2)

where now the spin operators are represented as

A~ N

Si(x) = zZ(x)o12(x) , S3(z) = z(x)d32(x) . (C.3)
The coherent state representation makes it easier to exploit field equations, which now write

M&§;%>:o = (7y¢@%:m@4mv4@—§4@v4@)—j%&y@, (C.4)

In order to eliminate 8§3 (x), and recover (3.30), we can then use a linear combination of the field equations
for z and Z:

Z63—— — —032 =0, (C.5)
with which we recover the equivalent of (3.27):

0283 = 2g(S, V. —S_V_). (C.6)

C.2 Gauging
In the coherent state representation, the U(1) symmetry acts as
$(x) = d(z) +afby,  2(x) > €2%z2(), (C.7)

and it could thus be gauged by introducing a gauge field A(z) via the replacements®*

0xP(z) = Oxp(x) + A(x)/bo Orz(x) = Dz(x) = (0y + %&3.4(:6))2(1:) , (C.8)
with the gauge transformation
A(z) = A(z) — Oza(x) . (C.9)
34The first replacement requires that we first integrate by part twice in the nonlocal kinetic term:
+oo 2 +oo
(P(x) — o))" _ ! _ 2 1
/m dady GO /m dedy(9(w) = 6(w)) 0Dy 1 — =
2 oo 99 ()04 (y)
= dedy———-5 .
uﬂmﬂMMmeWﬂ
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We thus obtain the total action

2 [T g, 000) £ AGNO61) Al
(1=5)(2-5) /) |z —y|'~s
. . A i
+ /da: (z(:c)Dz(x) — (S (2)Vy(z) + S_(z)V_(x)) — h S5(x) (X(x) + ﬁA(az)>> .
Since in d = 1 gauge fields are non-dynamical, they could in principle be eliminated from the action. In
fact A(z) only appears quadratically, so it could be easily be integrated out. This would lead to new terms
in the effective action, which however are irrelevant under the RG flow. Alternatively, we can fix the gauge

A(z) = 0. Either way, the only effect of gauging would be to restrict observables to be gauge singlets.
Moreover, we gain the equations of motion of A(x):

Sgauge [(by A7 2, 2] =
(C.10)

5Sgauge . R +oo 8¢(y)

that we recognize being the shadow relation between S3(z) and x/(x).

C.3 Nonlinear sigma model formulation

It is actually possible to recast the model (3.9) in yet another form, one that makes the gauging look more
standard. Introducing the complex field U(x), subject to the constraint U (z)U(z) = 1, we claim that (3.9)
is equivalent to the partition function for the following U(1) nonlinear sigma model:

Co_g oo A(2)0U(x) U y
Ssisulé) =~ 5 25)2(2 7 /_oo dadyH)? Z(_)yul(yza UW rogmp | (C.12)
with L2 ) , )
D =Pexp </_L/2 dz (g (64U(z) +6_U(z)) + T 03 L((a:)@ﬂl(m))) . (C.13)

We can indeed solve easily the constraint and identify U(z) = ei?%(*) and the correspondence of the
interactions is obvious. For the Gaussian part, we have used again a double integration by parts.

In this formulation the fundamental field is U(x), and not ¢(x), which is introduced to solve the
constraint and parametrize the circle. Notice that M(z) = U(x)d,U(z) is the Maurer-Cartan form, so it is
natural to express the kinetic term with it. In fact, if the theory was local, we would have a noninteracting
action that is quadratic both in terms of M(z) and of U(x), because M(x)? = —9,U(x)0,U(z), by virtue
of the constraint. In the long-range case instead it is quadratic only in M (z).

The U(1) symmetry is now

U(x) = U)er™ 5y — e 19935,¢190 (C.14)

and its gauging can be implemented by introducing a covariant derivative D, U(x) = (9, + 2A(z))U(z),
plus the same treatment as above for the z sector.

Notice that the presence of the Pauli matrices sector, as well as the absence of rotation invariance in
one dimension, allow the introduction of nontrivial interactions that would otherwise be incompatible with
symmetries.

Notice also that the kinetic term in (C.12) differs from the long-range O(2) nonlinear sigma model
studied in [97] in a crucial way. The action in [97] involves the product 9,U (z) 8,U(y), which differs from
—U(2)0,U(z)U(y)0,U(y) for  # y. In particular, the latter is quadratic in ¢, while the former is not,
thus explaining why the O(2) model of [97] has a nontrivial beta function, even without our g and h terms.
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D Correlators of V. and yx in the GFF

In this section, we compute some GFF correlators involving the operators

1
r) = —00(x), D.1
x(z) 7 () (D.1)
for generic d, where the normal ordering was defined in footnote 15, and we assume that by — 1 for § — 0.
We recall that correlators between vertex operators read (here and below Tij = x; —x; and a is a UV
cutoff)

Vi(z) = k : eEibod() .

<Vn1 (xl) s Vnm (xm))o = 50722‘ n; K e% Zz<g (|Iw| —£7°) . (D.2)

For example, we have

(Vir(21)V_(22))o = * e*ﬁ(ﬂmlafﬂ‘&) ;

- (D.3)
_qyi—3 B
(Vi (1) Vo (22) Vi (23) Vo (24))o = w4 €20 i Syl =)
In the 6 = 0 limit, we get:
Va@)Ve ()0 = —— . (Vi (@0)V_ (22)Va (w5 V_ (z))o = —1sl 122 (D.4)
+ B \1612\2 ’ + - + - |214)|?|223)%| 234 ]2 212]2

The correlation functions of y with itself are obtained from correlators of ¢ by acting with derivatives,
giving:

(oo = Tt (oD@ =0,
) 1 1 1 (D5)
etz oo = 0= 0 (s + s + s )

To compute mixed correlation functions of x with V4, one can exploit the ¢-dependence of V4 and
the Wick theorem. To that end, we remind that Wick’s theorem gives (in the following formula, O;[¢] is
a ¢-composite)

n n

(o(x) [T Oildl(@))o = D _{d(a)d(w:))(O1[d) (1) -

i=1 i=1

30;[¢]
o

(i) - - Onl¢](n))o , (D.6)

which we can iterate. Alternatively, we can use the following trick. Introduce auxiliary vertex operators
V, =: €% : and use the identity:

<X(xi)...>_<<£§ow>...>, (D.7)

in combination with the general formula (3.6) for correlators of vertex operators.
For mixed three-point functions with Vi and x we find

Ol ) Ve (2) V() yo = v/2bo (w85 = ) (Vi () V- (3))o
(Ve (@) V= (@2)x(w3))o = Fv2bo (5" — 2l ) (Va (@) V-(@2))o
(V(aa)x(w2) Vi ()0 = Fv2ho (' + a5 ) (Vi) V- ()0, (D)
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where from now on we assume z; > ;11 in order to get rid of some signum functions, and because anyway
in our model we only need path-ordered correlators.
In the 6 = 0 limit we get

V2

(x(21) Vi (22)VE(23))0 = T10013%03 "
(Va(o) Ve (e)x(@s))o = —2— | (Va(an)x(en)Va(zs))o = —2Y2—. (D.9)
L13L23T12 1223713

Mixed four-point functions can be computed analogously. For simplicity, we report here the results in
the § = 0 limit only:

(@) x(@a) Vi (a)V-(za))o = (Va(w)V- (@) x(zs)x(@0))o = —g + ————
T1pT34  T13723714T24
x(z) Vi (z2)x(23)V-(24))0 = (Vi (z1)x(22) V- (23)x(74) )0 = —5 ! = — 2 ,
T13T5 T12223214T34

1 2

(X(@)Vi (22) Vo (23)x(24))o = (Vi (z1)x(22) X (23) V- (24) )0 = (D.10)

2 .2 .
HEVEDE T12413024T34

D.1 Insertions at infinity

Pushing the operator at position x; to infinity, according to the definition (4.18), the three-point functions
(D.8) reduce to

(x(00) Vi (w2) Va (w3))0 = £/2bo 23 (Vi (w2) V- (3))o ,

(Vi (00) Vg (w2) X (3))o = £V 2bg 283",

(Vi (00)x(w2) V (w3))o = FV2bo 253" (D.11)
The limit 6 — 0 are easily obtained and they coincide with what one obtains by using in (D.9) the standard

CF'T definition of operator at infinity.
As an example, we give also the case of homogeneous four-point functions:

,7=2,3, (=D s s |.%'24|2
V. Vo (z)V. V. = 2 2080 (e =)
(Vi (00)V_(22)Vi(23)V_(24))0 = K € J 550 [zasPlral’
1 1 1
o) x(x T T =(1-6 + + > . D.12
<X( )X( Q)X( 3)X( 4)>0 ( )($34‘2_5 ’.1‘24’2_6 ’x23’2_5 ( )

E Logarithmic corrections to scaling at the crossover

In this appendix, we study the logarithmic corrections to the scaling behavior of the critical 1d LRI Ising
theory at the crossover. As discussed in the main text, at s = 1 the flow to the IR fixed-point theory
at g = h = 0 is controlled by a marginally irrelevant operator (a linear combination of O, and Op). A
standard argument [61], also employed for the higher-dimensional LRI in appendix B of [10], shows that
in the presence of marginally irrelevant operators, the CFT predictions for the IR behavior of correlators
at criticality receive logarithmic corrections.

Starting from the s = 1 theory, let us turn on the O) and O, perturbations. The general solution of
the the Callan—Symanzik equation for the two-point function of o(x) = o3 is

o) = S0 (E.1)

T 2A. 0
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where A, is the conformal dimension in the unperturbed theory. Up to an overall function that is constant
at leading order, we have that

c(r) o« exp {—2 /17" dlogr’ v,(g(r’, go, ko), h(r’, go, ho))} ) (E.2)

In the equation above, g and h are the running couplings, whereas g, ho are the values of the couplings at
r = 1, i.e. the starting point of the RG flow. Finally, 7, is the anomalous dimension of ¢, which in 4.4.2
was found to be

Yo =2g°. (E.3)

The running couplings are the solution to the differential equations

dg _dh
N dlogr

=B, (E.4)

where (B, and (), are the beta functions of the s = 1 theory in eq. (4.12), which here we truncate to
the leading non-trivial order, ie. 8, = —2v2gh and B, — v/2¢>. In this approximation, the quantity
W = 2h% — g% is constant along the flow, i.e. 2h% — g = 2h2 — g2, and it parametrizes the deviation from
the phase transition line, i.e. the separatrix between regions I and I7 in fig. 1, panel (a).

The flow equations are easily solved. In the region I (i.e. W > 0, hg < 0, go > 0), we find:

~ \/ZefQJWIOgr
g(rag(]ah(]) = 2v Wl—Ae_4\/W10gT ) (E5)
B (1 + Ae—4\/Wlogr>
h(r, go, ho) = —VW : (E.6)
\@ (1 _ Ae—4\/Wlogr>
with A = (v2ho + VW) /(v/2ho — VIV).
Tuning to the transition line, W — 0, we obtain
4h3
92(T7 g0, hO) = ! 2 (E7)
(\f — 4hg log 7“)
and thus
e(r) o< exp {—4 /rdlog ' G2 (', go ho)} X exp {—4%}
1 I V2 — 4hglogr (E.8)

1 1
>~ exp ~1+ +...,
log r log r

where in the last two steps we used the large r limit. We see that the logarithmic corrections to scaling
appear, but only as subleading behavior. However, remembering that A, = 0 and that at the critical
temperature the 1d LRI model at s = 1 has a non-vanishing magnetization, the logarithmic correction
gives a nontrivial result for the connected two-point function, as noticed early on in [114].

It is interesting to also consider the two-point function of vertex operators, as it leads to a more
standard outcome. Consider the two-point function of O, that at the fixed point g = h = 0 of the s =1
theory is simply

(0410400 = . (5.9
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Turning on g and h, this will get corrections, starting at order h, and then with quadratic corrections g2
and h?, and so on. On the critical line (W = 0), g and h are proportional to each other, hence to leading
order we can retain just the linear contribution in h. The latter leads to the correction

1 2 72 1 2
(Og(r)0g(0)) = RN O(g”,h%) = v O(97) , (E.10)
where in the second step we used the exact result at g = 0, see Section 3.2.1. This show that the anomalous
dimension of O, is —2v/2h, in agreement with what we obtain from the beta functions in the leading-order
approximation. In order to take into account the effect of g > 0, we use again the CS equation, again
tuned to the critical line W = 0. Using similar formulas as above, but with yo, = —2v/2h, we find

c(r) o exp {4\/5/ dlog 7" h(r', go, ho)} X exp {—QIOg(l — 2v/2hg log r)}
1
1 1

~ ~

(1—2v2hologr)?  (logr)?’

(E.11)

Therefore, also the two-point function of O, displays logarithmic corrections to scaling, with exponent —2.

F  One- and two-point functions to O(9).

In this appendix, we compute one- and two-point correlation functions with o, x and O4. At the IR fixed
point the LRI is a 1d CFT, and we check that such correlation functions are consistent with the expected
form for correlators of conformal primaries, see Section 2.2.1.

F.1 One-point functions

The case of o and y is trivial: their one-point functions vanish identically to all orders of perturbation
theory, as a consequence of Zy symmetry.>?

For O,, we find that O(g?, k) terms vanish (by the neutrality condition) and in the L — oo limit we
have:

©@)o=§ [ dy (PO, )0, w0 = 2 + 0" o). (F.1)

We can as usual subtract the power-law divergence, and thus set the one-point function to zero by including
a mixing term with the identity, i.e. we define the shifted operator [Og4] as

[Og) =0y + Zsu 1, (F.2)

with Zy1 = —2g/a + O(g3, hg), so that {[O,])p = O(g3, hg).
For Oy, we find:

2
O =7 [ [ du 5(PONDIOLw)O, )0 + 5 [ dy t(POLOMW)y

2 2h
= 6v2log2 ‘% + = +0(g", hg?), (F.3)

35 Away from criticality, we should find a symmetric phase where they still vanish, as well as a broken phase with (o)p # 0.
However, the latter can only be seen in the limit of vanishing Zs-breaking external field, or from the large-distance behavior of
the two-point function. In the s = 1 case, we expect symmetry breaking even at the critical temperature, and this is associated
to the decoupling of the GFF and C? sectors at the fixed point, with the C? sector reproducing the zero-temperature 1d SRI
physics.
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and so we define
[On] = On + Zm 1, (F.4)
with Zp1 = —(6v/2log2 g2 + 2h)/a + O(g*, hg?), so that ([Ox])p = O(g*, hg?).
Lastly, we rewrite O+ by replacing the bare O, in (4.27) with (F.2) and (F.4),
1 -

af= Ot = \ﬁ([oh] + [@QD +

and therefore we obtain (O (z))p = O(6%/?), where we have used g ~ v/§ and h ~ 6.

[O,4] +0(6), (F.5)

°|

F.2 Two-point functions

We move on to the computation of the two-point functions. We have already computed the anomalous
dimensions in Section 4.4, and now focus on the finite part to extract the normalization of the operators,
which is needed for the computation of OPE coefficients in Section 4.5.

F.2.1 For o and x

Let us start with the two-point function of o. Since tr(c(z)o(0))p = 1, we have that:

2
(o@o0)p =1+ % [ dyrdu t(Po(@)o(0)0,(un) Oy )oc + 5 [ dytr(Polz)o©Ou(w)o

x

2
=1+ 442 log ( “) +O0(g* hg?) . (F.6)

(Above and below, we take L/2 >z > 0 > —L/2.) We can remove the UV divergence as a — 0 by defining
the renormalized operator

[0]r = Zy0 + other possible mixings, (F.7)

with Z, = 1 — 2g%log(a/L) + O(g*, hg?). The renormalized two-point function then reads

2L
([o(2)]r[e(0)],)p = 1 4 4¢*log <:c) + O(g*, hg?) . (F.8)
In this renormalization scheme, the renormalized correlator does not depend on the UV cutoff, and thus
one obtains the Callan-Symanzik equation for the bare correlator:

d 0 0
— _ r r = Z2 ~ — MiA — 2 o I F'
0= a5 (@ oo = 22 (ag = 51~ 2 ) (0(@)o(O)o (F.9)
with the beta functions given in (4.21) and anomalous dimension v, = —adkzliaz" = 2¢%. We can use the

Callan—Symanzik equation to resum the large logarithms in the bare correlator, and to find the explicit
form of the latter at the IR fixed point

aéNaz 3/2 2
<O'(£C)O'(O)>D = W+O(6 ), Na = 1+510g2, (F]_O)

where we have used the perturbative result (F.6) for the normalization factor. Except for the latter, the

result above turns out to be valid to all orders, thanks to the Schwinger-Dyson equation (3.30). In fact,

combining the latter with (3.27), we have
1

 g2(bo — V/2h)?

1

(C71p(a1) C7F - p(w2))p ox |1 — 22054/’

Oy Oy (0 (71)0 (22)) D = (F.11)
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where in the last step we used the fact that the dimension of ¢ is not corrected, as usual in long-range
models.

We now consider two-point functions involving x. First, note that there is a non-vanishing mixing with
o, as

92 h 3
(o (2)x(0)p = /dy1 dys tr(Po () x(0)Og(y1)Og(y2))o,c + 5 /dytr<Pa(x1)x(:vz)0h(y)>o +O(g”, gh) -

2
_2h n 21/2¢g% log 2
a a

+0(g°, gh) - (F.12)
We can orthogonalize the two operators by defining a shifted y as

[X] = x + Zys0 + other possible mixings, (F.13)

with Z,, = —2h _ 72‘/592 log2 | O(g*, hg?).

a
Finally, for the two-point of y, corrections linear in g and in h are zero due to an odd number of Pauli

matrices, while the O(g?) term

2
% [ i du @O0, (10)O (). (F.14)

vanishes, or in other words, the correlator [ tr(Px(z)x(0)O4(y1)Oq4(y2))o is totally disconnected. Hence,
at the fixed point we have

(@O = 57 + 06", (F.15)

which again is exact, up to normalization, because y & 0¢ and the dimension of ¢ is not corrected.

F.2.2 For Oy, O}, and O4

We now want to compute the two-point functions of O4. As a first step, let us consider those of O,
and O,. For the diagonal parts of their correlators, we have that (neglecting O(g?, gh) terms, as well as
corrections in 4 to the perturbative terms)

_ 2b%(|z|6—n76)

(Oy(2)04(0))p = e 3

2
+ / dy1 dys tr (PO, (1) O (0) Oy (1) Oy (12))0.c
n g / dy tr (PO, (x) O, (0)On(y))o

o 72b%(|z|675_6)
= ke 5

2 (a7 0w () 9 -0+ bet)

1 g (1)

_ 2
(OW(#)On(0))p = (;)i/ + 2 [ dun di (PO @) OLO)0,(12)Oy (o
1-6 242 T z
= et = (31022 (5) —2108 (1)) - (F.16)
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The power-law divergent term cancels exactly upon including the mixing term with the identity, as in
eq. (F.2). For the off-diagonal piece we have

_ 4v2glog(z/a) lof(x/“) +0(g% gh). (F.17)

(©)0n(0)}p = § [ dy tr(POL()04(0)04 (1o + O, gh)
Turning to the scaling operators Oy of equation (F.5), and using the above results, at the IR fixed
point we find (neglecting O (6%/2) terms)
NZ
(O+(2)0+(0))p = R (04 (2)0-(0))p = 0, (F.18)
with
V6

5
N2 zlim+%(9610g2—167r2—93) : (F.19)

In the diagonal correlators (O4(z)O+(0))p we have resummed the logarithms into an exponent form via
an argument based on the Callan-Symanzik equation, as we have done above for o. Concerning the mixed
two-point function (O (x)O_(0))p, in order to ensure that it is indeed zero, up to O ((53/2), the order-¢
term of (F.5) has been fixed to
A L3 A Vi - 0 2 2 A 3/2

At O) = ﬁ((f)h +0,) + ?09 + > (48log2 — 167 — 45 + 96log*(ar)) Oy + O(6/7) . (F.20)
This should in principle be derivable from the beta functions as we did at order v/8 for (4.27), but it would
require us to push them to the next order.

G The defect description of LRI

As demonstrated in [33], the p-dimensional LRI CFT can be realized as a co-dimension ¢ = D —p conformal
defect for the free bulk massless scalar field ®, which propagates in the D-dimensional bulk. Reference
[14] investigated the advantages of this construction to systematically constrain the dynamics of LRI using
the defect conformal bootstrap approach [115].

In this defect realization, the bulk is fictitious. The spectrum of the LRI CFT is built out of operators
constrained to lie on the p-dimensional defect, in the zero transverse spin sector. This latter restriction
follows from the fact that the conformal defect description enjoys a manifest SO(p+1,1)x.SO(q) symmetry,
while in the original LRI there is no SO(q) symmetry.

G.1 The defect description from the ¢* formulation

As we discussed in Section 2, the p? description of the p-dimensional LRI is given in terms of a generalized-
free scalar field ¢ with quartic interaction — see equation (1.2). The non-local equation of motion implies
that, at the IR fixed point, ¢, ¢3 form a shadow pair of operators with protected scaling dimensions

— €
A¢:p4 . Ag=p—A,, (G.1)

where we have set s = p/2 + €.
In the defect description, we interpret the field ¢(z) as a defect mode of a free bulk massless scalar
field ®(y, =), which propagates in D fractional dimensions (y represent g transverse directions in the bulk,

while z are coordinates along the p-dimensional defect). The action is®®
1 A
S = /dqydpa:2(8<1>)2+/ddx:go(x)A‘, (G.2)

36Compared to (1.2), here we have set A2 = 0 in order to reach the IR fixed point.
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with the condition that ®(0,x) = ¢(x), so that integrating out the ¢ transverse directions gives back the
original non-local action. In this description, we have that Ag = D/2 — 1 = B, and so the co-dimension
of the defect is ¢ =2 -5 — §.

The ‘defect modes’ of ®, ¢ and 3, form a shadow pair. In other words, the bulk-defect OPE of ® (in
the zero transverse spin sector) at the IR fixed point reads

D(y,x) = by Ty () + by ylPYg () + ..., (G.3)

where the ellipsis denotes contributions from defect conformal descendants. The scaling dimensions of ,¢0i
are then protected by the free-bulk equation of motion [115]:

Ay = . A_=p—A,, (G.4)

and, up to a normalization, ¢ (¢®) can be identified with 1§ (15 ). Other defect operators such as ¢?, ¢?,
and so on are instead not protected.

It is interesting to note that the extension to the bulk necessarily comes with an ambiguity, correspond-
ing to a change of boundary condition. For example, we are free to represent the same LRI as a defect
in a different bulk theory, i.e. with the boundary condition ®(0,z) = ¢(x)3. Compared with the other

boundary condition, this would be a dual conformal defect with co-dimension ¢’ = 4 — ¢ and (w(jf)’ =Y.

G.2 The defect description from the crossover for p =1

As we discussed in Section 3, the weakly coupled model near crossover is given in term of a compact
generalized-free scalar ¢(x), with dimension Ay = —d, coupled to a two-level system — see equation (3.2).
By gauge invariance, ¢ is not part of the physical spectrum of the theory. In this description, at the
IR fixed point the operators o(z) and x(x) = %Omgb(m) form a shadow pair of protected operators with
dimensions

Ay =05/2, Ay=1-5/2. (G.5)

In the defect description, we can interpret x as the defect mode of a free massless bulk scalar ®(y, x)
in co-dimension ¢ = 3 —§, i.e. we write ®(0,z) = x(x) and identify y ~ 1g and o ~ 1p; . We can view the
vertex operators V,,(z) of the description in Section 3.2 as disorder operators that induce a discontinuity
of 27tn in the field ¢(z), corresponding to a delta-function source of magnitude 27n in 0,¢(z) at the point
z. In equations:

2 x

Vo(z) = &7 : em00@) ;o g2einko Podex@) = eg. (G.6)

Y

The action reads

L/2

1
S = /dqydx2(8<l>)2 + log tr Pexp {/

da [g Oy() +h0h(:c)}} : (G.7)
—L/2

where again Oy (z) = d3x(z) and O, = 6,V (x) + 6_V_(x), and &’s are the same combinations of Pauli
matrices as before.

An even more complicated description is obtained by switching the role of w('f and v, . Compared with
the other boundary condition, this would be a conformal defect with co-dimension ¢ =4 —qg=1—6 and

W) = v

G.3 OPE relations

Regardless of which particular description we use, defect OPE coefficients with one defect mode ¢(()i) and
any other defect operator are constrained into OPE relations. When a non-local Lagrangian description of
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LRI - such as (1.2) — becomes available, such OPE relations follow from the non-local equation of motion,
see e.g. discussion in [33, 44]. In the realization of p-dimensional LRI as a conformal defect, as we now
explain, the same OPE relations follow from a non-perturbative argument: bulk locality.3”

Consider unit-normalized defect primaries (restricted to the zero transverse-spin sector, as usual). For
any scalar defect primary O with scaling dimension Ap, and a defect primary T with scaling dimension
Ar and symmetric traceless spin J, the corresponding three-point function takes the form:3®

(Wi(z1)0@)T(6,00)) = 7 A P (012,0). (G-8)

(in the following, 1 = w((fL) and g = w(()_)) with

P (519,0) = (—i1001(33)e0)”, %=

I
The OPE relations for LRI read [116, 14]:

. T(-2+A)T (J+pfA1;Ao—AT> r <J+p7A1;AO+AT

cooT = — C107T, G.10
2 R(ag2) T (1 + g _ Al) T <J+A1+2A0—AT) T <J+A1—2A0+AT) ! ( )
where R(ag2) is the following bulk-dependent factor
_ agp2
R(agz) = by /by™,  (92()) = M% (G.11)
and bg)’i and ag2 are related by bulk-defect crossing as [14]:
92 ptq—2 d—q
b<1>7—2_ F(p)r<2) b¢'7+2_1_F( 2 )F<2>b¢7—2 G.12
(b )" = age . rg—2\ (bg")" = . R (b )" (G.12)
F(E)F(iz ) F(E)F( 2 )
For O = v;, we find
enur = K1(Ar, J)cior,  coor = Ka(Aq, J)ciar (G.13)
with
4— A J4ptg—2-A
) R G K G )
k1 (A, J) = —R(age) q J+p—Ar J+2—q+Ar
r (5) I ( 2 ) r ( 2 )
J+A J+p—q+2-A
1 F(%)F(+2T>F(+p q;— T)
koA ) = — (G.14)

R(ag2) 1 (42;q) r <J+p2—AT) r (J—2+2q+AT> '

For the p = 1 case, starting with the most general three-point function with v; and two arbitrary local
primaries Oy, with quantum numbers (Ao, , Ji)
Ci0,0 .

(Yi(21)O1(22)O2(00)) = (mlz)Aerlei—AoQ (signz12)’, J=J1+J2 mod?2, (G.15)
bulk locality implies OPE relations as (G.10), where J — J; + J; mod 2, Ap = Ap,, and Ar — Ap,
(see [116] for a detailed derivation). From there, taking ¢); ~ o, 12 ~ x, as well as O; and O3 in the set
{0;,0;, 04, O}, we see that, equation (G.10) implies equation (5.116). Similarly, equation (G.13) implies
(2.16) for p =1, using ¢ ~ o, g ~ x and T ~ O.

37See [116, 80, 81] for a more general application of this principle to constraints theories with boundaries and defects, and
[117, 118] for more applications of this principle to general QFTs in AdS.
38For any symmetric and traceless SO(p) tensor of spin J we define O (0, z) = %1 ... 0% 0% (z), Heb = 0.
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A tower of protected spin-odd operators By Bose symmetry, for J odd we must have that c117 =
coor = 0, while leaving cj27 unconstrained. Combining with the OPE relations (G.14), for non-integer ¢
this condition requires that:

Ap=p+J+2n, J odd. (G.16)

Hence, all odd-spin operators in 1 X 12 must have protected dimensions as above.
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