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described through a semiclassical expansion around a superfluid background. In this work,
focussing on U(1) invariant Wilson-Fisher fixed points, we study the spectrum of spinning
large charge operators. For sufficiently low spin these correspond to the phonon excitations
of the superfluid state. We discuss the organization of these states into conformal multiplets
and the form of the corresponding composite operators in the free field theory limit. The
latter entails a mapping, built order-by-order in the inverse charge n~!, between the Fock
space of vacuum fluctuations and the Fock space of fluctuations around the superfluid state.
We discuss the limitations of the semiclassical method, and find that the phonon description

breaks down for spins of order n!/2

while the computation of observables is valid up to
spins of order n. Finally, we apply the semiclassical method to compute some conformal
3-point and 4-point functions, and analyze the conformal block decomposition of the latter

with our knowledge of the operator spectrum.

KEYWORDS: 1/N Expansion, Field Theories in Lower Dimensions, Nonperturbative Effects,
Scale and Conformal Symmetries

ARX1v EPRINT: 2207.08919

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP02(2023)119


mailto:gil.badel@epfl.ch
mailto:amonin@mailbox.sc.edu
mailto:riccardo.rattazzi@epfl.ch
https://arxiv.org/abs/2207.08919
https://doi.org/10.1007/JHEP02(2023)119

Contents

J

5 O aQ W »

Introduction
1.1 e-expansion at large charge
1.2 Motivation and goals

Operators corresponding to vacuum fluctuations in free theory
2.1  Fock space of vacuum fluctuations
2.2  Operator-state correspondence
2.3 Conformal generators
2.4 Primary states and operators
2.4.1 Construction of primaries
2.4.2 Combinatorics: counting primaries

Fock space of superfluid fluctuations
3.1 Fluctuations around a non-trivial saddle
3.1.1 Saddle point
3.1.2  Fluctuations
3.1.3 Linearized fluctuations
3.2 Relation between different Fock spaces in free theory
3.3 Mapping superfluid excitations to operators

How large is “large spin”?
4.1 Matrix elements for excited states
4.2 Primary states

3-pt function

4-pt function
6.1 Leading order
6.2 NLO

Summary

Coefficient Y,

Explicit expressions for spin 2 and 3 primaries
Counting primaries with £ > n

NLO Fock states on non-trivial background

Some asymptotics of Gaunt coefficients

NGNS

© 3 ot

10
10
13

17
17
17
20
21
24
28

28
28
30

31

35
36
37

40

43

43

45

46

47



F Norm of an excited state 48

G Propagator on the cylinder 49
H 3-pt function computation 51
I Feynman diagram computation of A( B 56

1 Introduction

Semiclassical methods represent one of the main tools to investigate non-perturbative phe-
nomena in Quantum Field Theory (QFT). Vacuum decay [1, 2], instantons [3], topological
defects and multiparticle production [4, 5] are just a partial list of the different declinations
of this methodology, but there recently came up an interesting addition [6]. That is in the
context of conformal field theory (CFT), where it was shown that operators carrying a large
conserved quantum number () admit a universal description in terms of a finite density
superfluid state, with 1/Q controlling the semiclassical expansion. In practice the superfluid
state is described by an effective field theory (EFT) for the hydrodynamic excitations. In
particular that implies that there exists a non trivial correspondence between large charge
operators and the hydrodynamic excitations in a superfluid. While the original application
focussed on the operator spectrum, in [7] it was later shown how the methodology straight-
forwardly extends to the computation of correlators. That motivated exploring large charge
operators using instead the conformal bootstrap [8]. Perfect agreement was found, thus
remarkably showing that the superfluid phase dynamics is somewhat encapsulated in the
bootstrap constraints at large Q).

The above results define robust and universal features of generic CFTs with conserved
global symmetries. For specific CFTs that admit a definition within perturbation theory,
through the large N- or e-expansions, the semiclassical approach is even more powerful [9—
12]. In [11, 12] focussing on the U(1) symmetric Wilson-Fisher fixed point in 4 — ¢ and
3 — ¢, this was elucidated by considering the properties of the simplest charge n operator ¢”.
In particular, given the coupling A, it was found it is the combination An that controls the
convergence of the standard Fenynman diagram approach: only for A\n < 1 is perturbation
theory applicable. On the other hand, the large charge semiclassical approach, applies as long
asn > 1, for any An. Remarkably there then exists a non-trivial overlap for the application of
the two methods, which was exploited in [11] both to validate the semiclassical computation
and to boost the available finite order Feynman loop computations.! These results have
been exploited to investigate the analytic structure of the large charge expansion [16]
and are consistent with convexity conditions proposed as a formulation the Weak Gravity
Conjecture [17].

IPart of these results, restricted to the An < 1 regime, also appeared in [13-15].



Amusingly the parameter An shares some features with the ’t Hooft coupling in
AdS/CFT [18]. In particular, An > 1 corresponds to the regime where all the modes
beside the hydrodynamic ones are gapped and can be integrated out, very much like in
AdS/CFT the large 't Hooft coupling allows to integrate out the string modes to obtain
the supergravity limit. Another interesting aspect of Wilson-Fisher models is that, at least
for An < 1, the operator spectrum can be explicitly constructed both in terms of fields
and derivatives and in terms of hydrodynamic modes around the semiclassical saddle. This
clearly invites to see how the hydrodynamic Fock space structure emerges in the ordinary
construction based on the elementary fields and their derivatives. Otherwise stated, the
semiclassical approach delivers the operators spectrum, but it does so somewhat formally,
without telling concretely what these operators look like. It is the main goal of this paper
to investigate this issue, as we now explain in more detail.

1.1 e-expansion at large charge

In this paper we will mostly consider weakly coupled CFTs, focusing on either U(1) invariant
¢* theory in d =4 — ¢

_ A
Ly = 0000 + 7 (90)” (1.1)
at the Wilson-Fisher fixed point [19]
A € 3 5 3
-4 1.2
= S e O, (12)

or its ¢% cousin in d = 3 — ¢ dimensions

_ A2
L = 0¢0¢ + %(Wb)‘g (1.3)
at the Wilson-Fisher fixed point [20]

A2 3 5
)2 =€ + O(e%). (1.4)

As made evident by equations (1.1)—(1.4) both theories are in the perturbative regime
provided € < 1. As long as the coupling A is the only relevant parameter, observables
can be reliably computed — putting aside the usual asymptotic nature of perturbative
series — through Feynman diagrams. Things are however different when other parameters
enter the game. In particular, the correlators of operators with sufficiently large charge n,
more precisely satisfying An 2 1, are not computable via standard perturbation theory. We
believe the same is true for operators with large spin.

This situation is rather generic when large quantum numbers are present. In practice,
standard perturbation theory breaks down because large combinatoric factors render the
effective expansion parameter large (see [4, 21, 22] for a review in the context of multi-
particle scattering). Nevertheless, it is generally believed that, as long as the coupling is
small, observables involving large quantum numbers can still be computed by an alternative
perturbative expansion, performed around a non-trivial saddle.



Identifying this saddle presents a difficult problem in general. However, for the case at
hand, CFT correlators (or any observable for that matter) involving large charge operators,
can be computed in a double scaling limit

n>1, A1, An=fixed, (1.5)

by finding the saddle explicitly and expanding around it. Computations are simplified due
to the enhanced symmetry of the problem. In particular, the operator-state correspondence
allows to map the theory on the cylinder, where the saddle point corresponds to a homo-
geneous superfluid state with spontaneously broken U(1) group whose properties can be
systematically computed. For instance, the scaling dimension of ¢™, which is the lightest
operator in the sector of charge n, is given by the superfluid ground state energy. In the
saddle point approximation it is written as a power series in A with coefficients that are
themselves functions of An

%A,l()\n) + Ao(An) + AAL(An) + ... (1.6)

A more detailed discussion of this result can be found in [11, 12], where the first two

A¢n ==

coefficients in (1.6) are also explicitly computed. Notice that, taking An as a fixed parameter,
the expansion in ) is equivalent to an expansion in 1/n.2

Similarly, one finds that (see section 3.1 for a recap) the excitations of the superfluid
are given by phonons of spin ¢ and energies

wi p(0) = Jo+ Q% F \/4dg? + Q4 (1.7)

Jo=L(+d—2), (1.8)

where

is the SO(d) Casimir, and moreover

Buj —m?,  for (¢¢)°
Q* =" ’ Y 1.
{mg —m?, for (90)°, (1.9)
withm:%—l and
2/3
31/3 4 | 9nld/2) ( 9AnI(d/2) )2_3 /
(d—2) 27d/2(d—2)3 27d/2(d—2)3
for (¢¢)* : pa(An,d) = 5 3
9AnT'(d/2) 9AnT'(d/2) \2
3%/ 219/2(d—2)3 \/(27rd/2(d—2)3) B 31
(1.10)
A2n2T(d/2)2
_ (d _ 2) \/1 1+ 3md(d—2)%
or s pe(An,d) = . 1.11
for (¢¢)? n,d 5

2Notice that here and in what follows, when we write A we indeed mean ., as away from the fixed point
the notion of scaling dimension is ill-defined beyond the lowest order.



The Fock space of phonon excitations corresponds to the space of operators with charge n,
whose spectrum of scaling dimensions at next to leading order (NLO) is then given by?

A (K}, {EP}) = Agn + i kdwa(l) + i kBws(l), (1.12)
/=1 =0

with kf and kf non-negative integers. The above result applies for states with a finite
number of phonons and finite spin as n — oco. For large enough total spin, one expects a
non-homogeneous configuration to dominate the path integral (see for instance [23]).

We call A- and B-type the phonons with energy w4 and wp respectively. Notice that
primary operators correspond to states with k{* = 0, and that descendants are obtained by
adding spin-1 A-type phonons. Compatibly with that, and with the accuracy of (1.12), one
indeed has

wa(1) =1+ 0(). (1.13)

1.2 DMotivation and goals

The approach outlined above provides the spectrum of the operators but it does not say
anything about their explicit form in terms of elementary fields and derivatives. Establishing
such form is one of the goals of this paper. Notice though that the explicit form of composite
operators depends on the renormalization procedure and that, moreover, for large enough
An we do not possess such a procedure. We will thus content ourselves with the construction
of the operators in the free field theory limit A — 0 and with their correspondance to
superfluid excitations.

As we shall see, the tree level result is already structurally informative. Indeed, the
properties of the operator spectrum vary continuously with A (in truth with €): by varying

g\me,a) (x), with « a discrete label characterizing the phonon

A we obtain operator families O
composition (the kA and k2 mentioned in the previous section). As qualitatively depicted in
figure 1, the dimensions A, and OPE coefficients, of the Og\n,f,a) (x) are continuous functions
of A\. Our tree level construction will thus correspond to the starting point at A = 0 of
these trajectories.

Such endpoints characterize the families, even if indirectly. Notice that in the free
theory limit (An = 0) there exists an additional degeneracy in dimension among families
with the same ¢ and n. This degeneracy is lifted at small but finite coupling. Moreover, as
one can check using (1.12), when An becomes O(1) level crossing starts to occur and the
families get blurred. That is however outside the focus of this paper.

This paper is organized as follows. In section 2, we discuss the classification of operators
with charge n in 3D free field theory quantized around ¢ = 0. We explain how to identify
primary operators, and provide a systematic construction for a sub-class of them. Section 3
starts with a recap of the semiclassical expansion around the superfluid field configuration,
followed by the construction of the mapping between superfluid Fock states and operators.

3As Agn is O(n) and the wa,p(€) are O(1), the tree level frequencies are sufficient to compute the
dimension A ({kA}, {kB}) at NLO. On the other hand, in order to compute the splittings at NLO, one
would need to perform a full 1-loop computation.



Figure 1. Scaling dimension of families of operators as a function of A\. Each family can be labeled
with the corresponding “seed” operator in free theory (at A = 0).

We also discuss the identification of primary operators in this picture. In section 4, we
discuss the breakdown of the homogeneous superfluid description as the spin gets large.

In this paper, besides analyzing the operator spectrum, we apply the saddle point
expansion to the computation of correlators between large charge operators and neutral
operators of the form O = (ngﬁ)k, with & finite. In particular, in section 5, we compute
the 3-point functions (¢"O¢") at next-to-leading (NLO) order in the 1/n expansion. In
section 6 we compute at NLO the 4-point functions (¢"OO¢") and study at the same order
the O x @™ operator product expansion (OPE).

2 Operators corresponding to vacuum fluctuations in free theory

Our first goal is to classify the families of large charge operators by focussing on their
representatives in the free limit, as sketched in figure 1. As explained in section 1.2, the
first step is the classification of the operators of free field theory in terms of conformal
multiplets. This amounts to identifying the conformal primaries.

In CFT every local operator corresponds to a state and vice versa (operator-state
correspondence). In particular primary states, i.e. those annihilated by the special conformal
generators, correspond to primary operators. The goal of this section is to set up the
methodology for identifying these states. To make things explicit we will fully construct a
subclass of the operators.

Working in radial quantization we will now, in turn, construct the Fock space of
vacuum fluctuations, derive the state-operator correspondence and write the conformal
group generators. We will then write down in closed form a subset of primary states, also
showing by a combinatoric argument that it forms a complete basis of the subspace of
primary operators with a number of derivatives smaller than the charge.

2.1 Fock space of vacuum fluctuations

Let us consider a free complex scalar field in d = 3 Euclidean dimensions

L = 0pdo. (2.1)



As usual in CFT, it is beneficial to put the theory (2.1) on the cylinder R x S? by redefining
the coordinates

at = rnt, r=e’, i = (sin 6 cos ¢, sin 6 sin ¢, cos 0) (2.2)
and the field
o(7.0,0) = €26(x). (23)

As a result we have the following action on the cylinder
N 124
S = /deQg {g“”@u(ﬁ@yqﬁ + qu)gf) . g = diag(1,1,sin?0). (2.4)

Time translations on the cylinder are generated by the corresponding Hamiltonian H in
the following way

&(7,0,0) = e"74(0,0, ¢)e T, (2.5)
and are related to dilatations on the plane, which are generated by D
ePp(x)e P = M2g(e a). (2.6)
This implies
H=D, (2.7)

so that operator dimensions are in one to one correspondence with energy levels on
the cylinder.

_ Hermitian conjugation in radial quantization of the parent Euclidean field theory implies
$(0,0,¢9) = $(0,0,¢)t, which at arbitary 7 on the cylinder and arbitrary 2 on the plane
implies respectively

o(r,0,0) = d(—,0,9)1  and  (z) = |2 "oz ) . (2.8)

Quantization proceeds by expanding the fields in spherical harmonics Yy,

7- 9’(’0 Z Z [afm wﬂ}/fm(e )"' bfme_wﬂnm(e’ ‘:0)} ’ (2.9)
(=0 m=
and?
o0 l
1
O1,0,0) =D > = by Y (0, 0) + aeme™ Ve (0, 9)| (2.10)
o me—g V2w [ }
with energies
1
wg:€—|—§. (2.11)

The corresponding canonically conjugated momenta are given by®

byl .¢) = 0,0 =13 Z Vo bl (0,0) = amme ™ Yim(0.0)|, (2.12)

{=0m=—¢

“Notice qﬁﬁ(T,G,ap) d(—7,0,¢)" in accordance with (2.8).

-
°There appears an “i” in front of the time derivatives because we work in Euclidean time.



and

00 l
-0 7 . w W Ty * —wyT
p(;(T,H,QD) =i0, ¢ =1 E E \/ 26 {azme Y (0,0) — beme” T Y (0, gp)] . (2.13)

(=0m=—¢
Creation and annihilation operators, satisfying the usual commutation relations
[@tms @] = [Btms bl ] = S0t (2.14)
allow us to build the Hilbert space. Defining the vacuum state |0) as
apm|0) = by |0) = 0, Vi,m (2.15)

states featuring a string of creation operators acting on the vacuum

Na nyg
[T b, T1 00 s 10) (2.16)
i=1 j=1

provide a basis of the Hilbert space, and give it the standard Fock space structure. The
U(1) charge of these states is determined by the charge operator

9] ¢
Q=>"3" (ahnaum —bl,bom) - (2.17)
L=0m=—¢
2.2 Operator-state correspondence

Combining (2.9) with (2.13) and using the orthonormality of the Yz, (3.35) we get

of = % [ 49 Yo (0:6(7) + wed(r) (2.18)

which is valid at any finite 7. Remembering the change of coordinates (2.2) and the relation
between fields on the plane and on the cylinder (2.3), this expression can be rewritten as

—¢
Py "
Im /2Wg

where the integral is over the unit sphere and z* = rn*.

[ 49 Yo (2 0,6(2) + (£ + Do(a). (2.19)

Acting on the vacuum and Taylor expanding around the origin® we get

e}

BI0) = 3 gttt 213y, -8, 6(0)[0), (2.20)
=0 ""

where by {...} we indicate the traceless symmetric combination, which arises because of
the equation of motion 9%¢(x) = 0. Noting that

/ Qs Va1 -ty — 0, ¢ £ 0, (2.21)

5As can be seen in (2.9), the field is singular at the origin, 7 — 0 or 7 — —oo due to negative-frequency
bem modes. However, in ¢(z)|0) the singular terms drop and Taylor expansion is legitimate.



the expansion results in

\/2€+ /ngYé i

10y = ), - B,,0(0)]0).

The integral can be easily done, yielding
a}m\0> yel M0y, -+ 0, 6(0)]0),
with (see appendix A)

2
e = VI i,y

Repeating the same steps starting with (2.10) and (2.12), we get similarly

bl |0) = VYLD, - 8, 6(0)]0).

In particular, we obtain

_ ( )822-&-1[&“1 . .5115

y#l He (2@
_1)f25tl /x
ey = LT 0 6000,

where the following change of variables was performed

T + i.CUQ

Ty = ——F—,
T

This generalizes to multi-particle Fock states (2.16). For example,”

g = I3.

azlml bz2m2’ > yZl Hel y;;m;jZQ : y,l N 3M51¢(0) 81/1' . al/e2¢;(0) . ’O>

Hermitian conjugation of (2.22), together with (2.8), implies

\/2€+

(Olagy, = /sz Y ki xh_?;om’a;(tll/x) e 8&1/50)(@](;_5(33)),

where we defined

8/(}/“) = (a:zélw - 2x“x”> L),

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

Notice, this time the field is evaluated at infinity, because hermitian conjugation in radial

quantization involves a space inversion.

In field products acting on the vacum the singular terms at the origin are eliminated by normal-ordering.

In the rest of the paper, normal ordering will always be intended and we will drop the

LL ”



2.3 Conformal generators

In order to proceed with the classification and construction of the operators we first need
the explicit expression of the conformal group generators in terms of the ladder operators.
We provide them in this section.

In d = 3, defining

1
Ji = §5ijk<]jk;, Ji = J1 + iJQ (2.32)
and
1 1
PL=—(P+iP), Ky =— (K| +iKs), Py = Ps, Ky = K3, 2.33
+ NG (P xiP) + NG (K1 +iK>) 0 3 0 3 ( )
such that
Pl =K+, Pl =K, (2.34)
the commutation relations take the form (with Xo = P,, K)
[J3,Je] =+ Jx, [y, J-]=2J3,
[J3, X1| =+X4, [J3, Xo] =0,
[JJrvXJr]:O’ [JJr’XO]:_\@XJm [JJrvX*]:\/iXOa (235)
[J_,X,]=—-V2Xy, [J_,Xo]=V2X_, [J_,X_]=0
[DyKZ]: K’La [va)i]:P’La
[K_,Py]=2(D+J3), [Ki,P-]=2(D-J;3), [Ko,Po]=2D
(Ko, Pil=—V2J., [Ky,P)=v2J,, [K_,P)=—V2J_, [Ko, P ]=V2J_.
The generators, as computed from the Noether currents of the theory, read
9] ¢
D= Z Z wy (azmagm + b};mbgm) , (2.36)
L=0m=—¢
9] ¢
J3 = Z Z m (azmagm + b;mbgm) , (2.37)
(=0 m=—
9] ¢
Po=3" 30 (12— m2 (ay e + by pubem) (2.38)
L=0m=—¢
9 ¢
Ko = Z Z \/ (E + 1)2 —m? (a}mai—i-l,m + bzmbé—i-l,m) ) (239)
{=0m=—¢
[e'S) J4
Jo =303 Jue+ 1) —mlm+ 1) (af 1 00m + by bom ) (2.40)
{=0m=—¢
[e's) J4
:Z Z \/£(€+1)— (agmaﬂm 1+bgmb€m 1)7
{=0m=—¢
9] l
=3 3 e+ 1) —mm+1) (afyamer + bl bemir) (2.41)
{=0m=—¢
9] l
=> > \/g(g +1) - (aém 10em + bem 1bfm)

=0 m=—¢



- i zf: (0 +m+ 1)2(€ +m+2) (a;%m“aem n bzﬂ,mﬂbem) . (242)
{=0m=—¢
P i f: (L +m+ 1)2(5 +m+2) (ahestinss + besiman) s (2:43)
{=0m=—¢
o i i (C—m+ 1)2(5 —m+2) (ab 11t + b1 i) - (2.44)
£=0m=—¢
Ky = i XZ: (Eomy 1)2“ —m+?) (azma€+1,mfl + bzmbul,mq) : (2.45)

L=0m=—¢
2.4 Primary states and operators

Besides the quantum numbers associated with the conformal group, states can be charac-
terized by their charge and by their parity. Charge is quickly dealt with. Any state of the
form (2.16) is an eigenstate of the charge operator Q.

Consider now parity. At fixed charge n and spin ¢, states divide into two polarity
classes: polar states with parity (—1)¢ and axial states with parity (—1)“*!. The two classes
can schematically be written as

polar P = (—1)" = 9 kgnegmesh k>0 (2.46)

axial ~P= (-1 = 9HHFlgnagmegt k>0 (2.47)

where 0, § and € represent respectively a spacetime derivative 0;, the Kronecker delta ¢;; and
the Levi-Civita tensor €;;;. The ¢’s and the € are all contracted with a pair of derivatives,
while the remaining ¢ indices are symmetrized and trace-subtracted.

As the U(1) charge @ commutes with the conformal group, the conformal multiplets
have definite charge. On the other hand, by considering that 0 — —d under parity and the
standard rule for adding angular momenta, one is easily convinced that the descendants of
an operator with given polarity (polar or axial) can have either polarity. One can nonetheless
label a conformal multiplet by the polarity of its primary state.

In this paper, we will provide a systematic construction of all primaries whose number
of derivatives is bounded by the charge n (see [24-26] for a different but less explicit
procedure to construct primaries of given spin and charge). In a first time we describe
this construction, before proving via a combinatorics argument that our procedure indeed
generates all such primaries. This will enable us to concretely illustrate the emergence of
the superfluid Fock space structure within the operator spectrum at large charge.

2.4.1 Construction of primaries
States of the form
A— bl bl 10), (2.48)

a
el,ml ln sMng J1,M1 Ing sMny,

can be decomposed into irreducible representations of SO(3)

L@@y, @j1 @, = (b4 + by + 1+ i) D - (2.49)

~10 -



Let us first consider the states with the highest total spin ¢ = ¢1 4 - - - + jp, in the tensor
product (2.49), indicating them by
|n; £, m) (2.50)

where n = n, — ny and m are respectively the @) and Js eigenvalues. The highest weight
state from which all the multiplet is constructed by repeatedly acting with J_ is
;0,0 = af o ..oab o bE BT 0). (2.51)

na 7ena j17j1 : jnbvjnb

By egs. (2.23), (2.25) and by the discussion at the beginning of this section, the corresponding
operators are polar and have the schematic form ¢"e¢™d¢. In the basis (2.28), the operator
corresponding to (2.51) involves only 0_ derivatives, as is made clear by (2.27). We can
now search for combinations of states of the form (2.51) that correspond to primaries.
Let us first consider states involving creation operators of only one sort, say a'. A first
obvious example is the state of charge n with lowest dimension, which is given by

. n/2
) = = (aby)"10) = “ jn», #"(0)[0) (2.52)

This state has spin 0 and is a primary as it is annihilated by the K;’s.
To find a spin-f primary we start with the ansatz

0 n—
;6,05 = (aby)""a},|0). (2.53)
Acting on it with K_ we get®
0 20(2¢ — 1 .
Km0 = — 2D ab el L, o), o4 (2.54)

In order to cancel this contribution we modify the vector

1 n— 2€(2€ — 1) e
n: 6,05 = (abo)" " afyl0) — || = (af)" Pa]_y el o). (2:59)
Acting with K_ on the new state we find
. 2020 —1) [(20—2)(20—3) 4 . _
K_|n;6,0)) = V 5 5 (ado)"%al_y_yal;0). (2.56)

Again, to cancel this contribution we add an extra term to (2.55) and we continue further

until we finally arrive at an exact primary

¢
50,004 = a0 Y eelad)" (] ))Fal_y . 10), (2.57)
k=0

8As can be derived from (2.39), (2.45), [Ko,a},] = [K4,a},] = 0 for all £, so the state is annihilated by
both Ko and K. Moreover (2.43) yields

(20)(2¢—-1) 4

[K_,a}fe] == 2 Ap_1,0-1-

- 11 -



with
(—1)F (20)!
Vi = A )
k! 2k(20 — 2k)!

with the overall coefficient oy fixed by the normalization condition || |n; £, £) 4 ||?= 1

(2.58)

-2

a3 [ Y Ao —k = DK + (Yemre +v00)? (0 — e)w!] =1. (2.59)
k=0

As can be verified, this construction works if 1 < £ < n. Explicit constructions of these

states and of the corresponding operators for £ = 0,1,2,3 can be found in appendix B. By

using (2.36) one can also check that the energy of this state, or equivalently the dimension

of the corresponding operator, is given by

Aa(n,b) = g + o, (2.60)

as expected in free theory.
Similarly we can consider states that involve one creation operator b'. Repeating the
construction it is straightforward to construct, for £ < n + 1, a primary

¢
n: 6,005 = o Y Welado) " (al )"b]_, o110), (2.61)
k=0
with ,
B> veuln—k—1)kl =1, (2.62)
k=0

These special cases can be combined to generate more primaries. Indeed, one can define
spin ¢ multiplets of operators {Az m}, {BT } with m = —¢, ..., ¢ whose highest weight

£m
elements are

l
Abp = melafo) T al Dral oy €22 (2.63)
k=0
4
B, = elahe) ™ al )by €20, (2.64)
k=0

A} n and B}; . are polar primaries, because they commute with all K;, and they have charge
¢. Notice, that Ag is not defined and Ay ,,, = 0, while B(Txo = agob&). The primary states
we constructed are then given by

3£, €) 4 = aoaby)" AL

n:0,0) 5 = Bolafy)"*B},10). (2.66)

0), (2.65)

Since the Azym’s, Bzm’s, as well as a[T)O, are all primaries, any product of them is a primary
as well. This lets us generate primaries of various spins and charges by acting on the vacuum
with these operators

T 0 2.67
Ly |0); (2.67)

n— Lo — 7
(ab)" =22 AL, T8
a B8
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where the number of derivatives of the corresponding operator is P = >, lo + > 3 !75.
Notice this state is an eigenstate of J? only for maximal spin states (m, = £q, mg = 575 or
Mo = Ao, Mg = —g@). Otherwise, one must take linear combinations of these terms to
build spin multiplets. By inspecting their definition, one can be convinced that Az,e and

BZ,Z (and hence the corresponding spin multiplets) can not be written as products of Af’s
and BP’s with lower-spin — they are in a sense “irreducible”. Thus the above representation
of a primary is unique.

Indeed, as it turns out, the above representation generates all the primaries with number
of derivatives bounded by n. In the next section we will offer a combinatoric proof of
that. Before moving to that, and to ease the counting, it is convenient to note that the
dimensionality of the space generated by (2.67) is the same as that of space generated
by (2.16) barring the spin 1 ladder operators a;m. This can be seen by picking only the
k = 0 terms in the series (2.63) for the A’s and B’s. This remark will be used in the next

section to prove that (2.67) provide a complete basis for primaries.

2.4.2 Combinatorics: counting primaries

As a warmup, we will first consider different subclasses of operators for which we can provide
explicit expressions for the number of primaries. After having done that, we will prove that
the set (2.67) is indeed a complete basis for the primaries.

No ¢, spin £ < n, number of derivatives equal to £. Consider the polar operators
with & = 0 and no ¢ fields in eq. (2.46). They correspond to symmetric traceless tensors
with schematic form 9‘¢". Using coordinates (2.28), the highest weight elements of the
corresponding SO(3) multiplets have the schematic form 9*¢". The counting is now
straightforward: there are as many operators as there are inequivalent ways of distributing £
derivatives 0_ among n fields ¢. That is given by the number of partitions of £ into at most
n integers, which we denote by p(¢,n). In the case ¢ < n, the partition cannot contain more
than n elements, and so p(¢,n) reduces to the number p(¢) of unconstrained partitions of ¢.
For example, for £ = 5 we get the following partitions.

5: (5), (4,1), (3,2), (3,1,1), (2,2,1), (2,1,1,1), (1,1,1,1,1). (2.68)

Thus, there are
p(b,n) =7 (2.69)

operators with spin ¢ = 5 and charge n > 5, while for charge n = 3 there are only
p(5,3) =5 (2.70)

operators in total, counted by the first five partitions in (2.68).

We can now count primary operators. Obviously, at spin £, primaries will be in one to
one correspondence with operators that cannot be obtained by acting with derivatives on
all operators with spin ¢ — 1. Therefore the number of primaries is given by

Prim(¢,n) = p({,n) — p(£ — 1,n). (2.71)
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For ¢ < n this number has a simple interpretation. Namely, it corresponds to the
number of partitions of £, except those that can be obtained from partitions of £ — 1 by
adding 1, in other words partitions of ¢ containing 1 should be eliminated.? As an example,
for £ =5 and ¢ = 4 we have respectively

5: (5) 4,1) (3,2) (3,1,1) (2,2,1) (2,1,1,1) (1,1,1,1,1)

4: (4) (3,1) (2,2) (2,1,1) (1,1,1,1). 272)

Clearly, the ¢ = 5 primaries are counted by the partitions without 1, so that for n > 5

Prim(5,n) = 2. (2.73)

In the previous subsection we found that any string (ago)”*éﬂaA;a ¢, forms a primary with

total spin £ = > ¢y < n. Since there is no Ay 1, it is clear that these primary states
correspond to partitions of ¢ without 1’s. Our counting argument then shows these are all
the primaries of our class (polar with k& = 0 and no ¢’s).

No ¢, arbitrary spin £, number of derivatives equal to £. For arbitrary ¢, the
number of primaries (2.71) is given by the number of partitions of ¢ with each part bigger
than 1 and not larger than n, i.e. by the number of solutions of the equation

dti=t, 1<t <n. (2.74)

That can be proven as follows. Every partition ¢ can be associated with a Young tableau.
For instance, the partition ¢ = (4,3,2) of 9 corresponds to

t= (2.75)

A conjugated Young tableau t* is defined by interchanging columns and rows, meaning that
for the example above t* = (3,3,2,1)

= (2.76)

This map obviously establishes an equality between the number p(¢,n) of partitions of ¢
into at most n parts — i.e. the number of Young tableaux with at most n rows — and the
number of partitions p*(¢, n) with parts bounded by n — i.e. the number of Young tableaux
with at most n columns. Therefore, the number of primaries can also be written as

Prim(¢,n) = p(¢,n) —p({ —1,n) =p*(¢,n) —p*({ — 1,n). (2.77)

9That is because when acting with a derivative on an operator involving less than n derivatives, among
many terms, there will always arise one involving a single derivative on ¢.

— 14 —



As before, we observe that every tableau counted by p*(¢ — 1,n) can be promoted to a
tableau counted by p*(¢,n) by adding a row with just one box,

N (2.78)

B

therefore, as claimed the number of primaries is given by the number p*(¢,n,2) of Young
tableaux with each row bounded by 2 < ¢; < n (see appendix C for examples). Clearly,
this is equal to the number of products of operators ‘Aza,&l defined in (2.63) such that
2</t,<nand}) , ¢, =L Notice that, while the counting is still valid, the construction
does not work for ¢ > n, since the ‘AE,E operators have charge equal to spin, and thus cannot
be used to generate operators with spin higher than the charge.

¢ and ¢, arbitrary spin £, number of derivatives equal to £. Consider now polar
operators with k = 0 but involving ¢ fields. In this case the highest weight elements have the
schematic form 9% ¢™e¢™. To count the number of such operators, one can first distribute
the derivatives as 8f_gl¢"a x O @™, and compute the total number of operators as

1
Z p(l — ' ng)p(l,ny). (2.79)
=0

This implies the number of primaries is given by

¢ /-1
Prim(é, Na, nb) = Z p(f - gly na)p(gl’ nb) - Z p(f -1- £/7 na)p(gla 'I’Lb)
=0 =0
= Z p (0 =1 ng,2)p* (0 ny), (2.80)
=0

where we have used the equalities deduced above from Young tableaux. This number is
easy to interpret as the number of products of the form

(abo)" " TT AL II B, ¢ (2:81)
o 3 BB

with 2 < /4, <n,0< EB <nand ), lo+> 5 Zg = {. Thus, these products of operators are
all the highest-weight polar primaries with £ = 0 and ¢ < n. Again, the counting (2.80) is
valid for £ > n, but the explicit construction does not apply in this regime.

All operators with number of derivatives bounded by n. We finally consider
operators made of both ¢ and ¢ fields and a number of derivatives P < n, with eventually
contracted indices. We will not provide an explicit formula for the number of primaries
in the general case, but will show that primaries are in one-to-one correspondence with
operators of the form (2.67). The following argument is valid in any dimension.
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A basis of the linear space of charge-n operators is obtained by considering the set
of monomials of the schematic form 9, ...0,,¢" ™ with n, —ny = n and with the P
derivatives distributed on the fields in all possible ways (removing the operators which
are made redundant by the equations of motion 8%¢ = §%¢ = 0). We focus on a finite-
dimensional subspace H,,, », p of fixed n,, ny and P. The counting argument that we will
provide works for each of those subspaces individually, and thus extends to the full space of
operators. For each subspace, we construct a different basis, in which part of the elements
are manifestly descendant states. The remaining elements of the basis span a subspace of
same dimensionality as the subspace of explicitly known primary operators. This means
that we have successfully identified complete basis of primaries and descendants.

The construction is the following. Monomials in the basis can be organized by factoring
out all powers of ¢ carrying either 0 or 1 derivative

By ny,p = {0 8) (02 0) -+ (9, 0) Oty 0 < P (2:82)

with 07(5 zn any monomial involving n ¢’s, m ¢’s and p derivatives, such that each ¢ is
derived at least twice. Notice that all J,, factors commute with each other, hence without
loss of generality we can assume they are ordered 1 < ps < --- < . For any p < P we
will also consider the sub-basis of operators where p ¢’s have a single derivative

P—
B, p = {07(000)(00) - (04,0) O 2L 1, ) (2.83)
Now, for p > 1, we can rewrite the elements of Bimnby p as (for simplicity we write O instead

of O(P—p) )

Na—P—4q,1p

(01 9) (O 9) - -+ (O, @) O

1

= i (9 (700 0,000)

» 2.84
S Bad) O O Oy Ou 00
k=2

_ ¢q+1(8u2¢) . (8;1;)‘15)8;110).

The term in the first line of the right-hand side is obviously a descendant operator, while
the two other lines contain monomials belonging to IB%fL;ZnI” p and Bﬁ;ﬁm p- This process
can be repeated, rewriting the operators of the two last lines in the same way, as linear
combinations of descendants and members of the lower sub-bases. The process can be
iterated until the right hand side is written as a linear combination of descendants and
monomials in Bga,nb, p- The latter involve no single-derivative ¢ fields and cannot be further
rewritten. Our result implies that the subspace generated by Bia,nb, p has the same primary
content as the subspace generated by Bgza,nb, p- Indeed, as this holds for any p, the very
space generated by B, ,, p has the same primary content as the subspace generated by
B%amb, p- We therefore conclude that the subspace of primaries within H,, ,, p is < than

the number of elements in IB%% P
ayTth,
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Our proof can now be completed by comparing the elements in B%a’m” p to the linearly
independent primary states provided in (2.67). The latter, as we already remarked, are
in a one-to-one correspondence with the set (2.16), barring states involving azzl’m. By
the operator-state correspondence the traceless symmetric derivatives 0y, ...0,,¢ and
Oy - - - Oy, match respectively a:[mr and b;ms. It is then manifest that the elements in
Bga:nb: p and in (2.16) are in a one-to-one correspondence. In particular the exclusion of
0;¢ factors in Bga,nb, p crucially matches the exclusion of a}m in (2.16), which is mandated
in turn to match the building blocks (2.67). As the cardinality of the basis 1839%%7 p sets
an upper bound to then dimension of the sub-space of primaries, it must be that the
states (2.67) with the same ng4,np and P are a complete basis for the corresponding space

of primaries.

3 Fock space of superfluid fluctuations

We now turn to the semiclassical description, which applies, as we will see, for sufficiently
large charge, regardless of the coupling. The goal of this section is to associate primary
operators to fluctuations around the non-trivial saddle.

3.1 Fluctuations around a non-trivial saddle

A detailed presentation of the large charge semiclassical method can be found in [11, 12].
Here we will outline the main ideas, providing formulae for further reference. We present
the method in the context of an interacting Wilson-Fisher fixed point, but it applies also in
free theory: all formulae can be safely taken for A = 0 and An = 0.

3.1.1 Saddle point

The method outlined in this section is suitable for computing correlators of the form

(0" (zp)On(aN) ... Or(21)¢" (21)). (3.1)

First, it proves useful to map the theory to the cylinder R? — R x S! (generalizing (2.2)
to d dimensions). For a generic primary operator, (2.3) generalizes to

O(r,7) = 2T O(x), (3.2)

with Ap the scaling dimension of @. The theory on the cylinder is equivalent to that on
the plane only at the Wilson-Fisher fixed point, where the theory is conformal. However, to
compute corrections we have to work off-criticality, and set the coupling at its critical value
only at the end of computations. The advantage of this mapping is that time-translation,
which is a symmetry on the cylinder even off-criticality, corresponds to dilation on the plane,
which is not a symmetry off-criticality. The additional symmetry of the non-critical theory
on the cylinder makes it easier to find a saddle point. Explicit solutions for the saddle on
the plane are known only in d = 3 and d = 4 for (1.3) and (1.1) respectively [27].
In terms of the variables on the cylinder the correlator (3.1) has the form

A A

<$“(Tf)@N(TN) . OL(11) M (13))e R TreTANTN | emAITL g AgnTi (3.3)
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where for simplicity we did not indicate the dependence of the operators on the angular
coordinates. The operator-state correspondence (see section 2.2) yields
471')”/ 2

( o Ti ATV
In) =75 lim_em 267 (73)]0), (34)

and its conjugate

T n/2
i) = ET i (0eBe T gn(ry) (3.5)

\/m Tf—>00

Eq. (3.1) is thus related to cylinder correlators according to

A7) 2Aun = n A N .

Jim B0 G0 )0 ) . 04 (0)6 ) = (O - Or(r)l) 1>
(3.6)
Since |n}, corresponding to operator ¢", is the lowest dimension state of charge n, for

any charge n state |1,) with non-zero overlap with |n), we have

Hr; _ . AynT;
Tlgmwe |thn) = Tlgmme |n)(n|yn) (3.7)

Hry _ AgnT
T}gy»<¢’!e F= et I (Yn|n)(nl, (3.8)

where H is the Hamiltonian on the cylinder.
Therefore we can also write

A A _ o (@l ON(7N) - O () et ghn)
<’I’L’0N(7‘N) .. .(91(71)|n> = T,:Jiy:lo;)o <wn|€_H )|Q;Z)n> . (3.9)

The right hand side can be represented by a path integral. For that purpose, it is useful to
introduce polar coordinates for the fields

A — L ix n — L —ix 3.10
QS \/ie ) ¢ \/Qe ) ( . )

and single out their zero modes on the sphere
X = Xo+ X1, /X )dQa—1 = X082d—1, /XJ_ )dQ4-1 =0, (3.11)
p=po+pL, /P )dQ—1 = poQ2a—1, /PJ_ )d€2—1 =0, (3.12)

with Q4_1 = % the volume of S%1. A convenient choice for the state |¢y,) is then

(0, xltn) = (po — [)3(p1)d(x1 )™, (3.13)
with f a constant whose value will be suitably decided below. As a result eq. (3.9) can be
recast as

R R it oxa) o PSS R
(nlOn...O1|n) = Zil/dxidxfe Qd-1 /p((T)) X DpDy Oy ...0pe Sl
Tf—>00
Tj——00 X(7i)=xi

(3.14)
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with
_inxr—x3) p(Tf)_:f
2= [dudxe S [ X0 DDy e S, (3.15)
x(Ti)=x:

and where the action is given by

1 1 1
Slp,x] = / drdQq {2(6@2 + §p2(3x)2 - 5m2p2 + Vin () (3.16)

withm:%—land

A4 7 N2
Vi) = { e (3.17)
288 P for (¢¢)°.
The saddle point is fixed by two conditions, corresponding to the variation of the action
with respect to ¢ in the bulk and on the boundary. The latter, in view of eq. (3.13), reduces
to variation with respect to the zero modes of x, x; and xy. From the bulk we have

on (\/!?g“”p23ux) =0, (3.18)
0%+ p[(0X)* +m*| + BpVam(p) = 0 (3.19)

with g,, the metric on the cylinder. The first equation, corresponding to variation with
respect to x, coincides with U(1) current conservation. The variation at the boundaries
gives instead
2. 2. L
(PX)(73) = (PX)(7y) = == (3.20)

which fixes the charge to be n and spatially homogeneous at the boundaries. Equa-
tions (3.18), (3.19), (3.20) along with the constraint (3.13) have the simple solution

ps(t) =f, xs(r)=—ip(t — 1) + Xi (3.21)

with p and f satisfying

(3.22)

(3.23)

A few comments are in order. The last two equations determine the “suitable” value of f,
we alluded to below its definition in (3.13). It is only for this specific choice of f in (3.13)
that the saddle point equations have a solution with a simple linear time dependence. Other
choices would give solutions with a more complicated behaviour near the boundaries, but
for 7; — 7; — oo the result for (3.14) would be the same. Notice that as the solution is
invariant under the combination H — u@ of time translations and charge rotations, u should
be interpreted as the chemical potential. Finally notice that, while x; — x; = —ip(7y — )
is fixed by (3.21), the zero mode y; is not: integrating over it guarantees that correlators
respect charge conservation.
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Egs. (3.22) and (3.23), for the two choices in (3.17) imply

2/3
1/3 9AnT'(d/2) 9InI'(d/2) \2
(d—2) (3 P+ 2md/2(d—2)3 \/(27rd/2(d—2)3) - 3] )

for (66) : pa(An, d) =

2 1/3
9AnL(d/2) 9Anl(d/2) \2
3%/% 2md/2(d—2)3 \/(27rd/2(d2)3) o 3]
(3.24)
A2n2I'(d/2)%
- d 3md(d—2)t
for (¢¢)? : pe(An, d) . (3.25)

Expanding around the saddle we can systematically compute any observable as a power
series in A with coefficients that are themselves functions of An. For instance, given

Jim (e 1T gy) = BTy, P, (3.26)

Ti—r—00

and its path integral representation (3.15), the evaluation of the action on the saddle point
immediately gives the scaling dimension of ¢" at leading order shown in (1.6).

3.1.2 Fluctuations
Expanding the fields (3.14) around the saddle

T
p=ps+r, X:XS+?7 (3.27)
we can now write

/dxz/DrDﬂ On...O01e” Sir.m]

(n|Oy ...01|n) = , (3.28)
27T/D7“D7T6 Sr]
where the action for the fluctuations is given by
S[r,x] = / drdQy 1 (Lo + Lint) . (3.29)
with . ) .
Lo = 5(0r) + 5 (0m)* = 2iprt + 5 (Vi) = (=) 12, (3.30)
and
1 2 . 2. T2 (871')2 ’
Eint:? [7“(877) —wr W} +7+ Vint (f +7) = | Vint (f) + Vine (f)r + 2V1nt(f) :

(3.31)
Notice that the @; are local functions of p and x. At the leading order the correlator is
then simply given by the product of the O; computed on the saddle.
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The canonically conjugated momenta'? forming pairs (r, P) and (r,II) are

P =ir, H:iﬁ(1+;)2+2ur(1+2;). (3.32)

These variables can be expanded in harmonic modes as

T’(T, ﬁ) > ’I"g,ﬁ(T) R P ﬁ Pgm 7‘ * iR
] = Yo (17) 5 7) Yo (17)
(77(7', n)) ;E)%: <7Tgm(7') () (7, 70) ;Z (1) (7)
(3.33)
where Yy (7) are the spherical harmonics in d — 1 dimensions!! satisfying
Aga1Yyz (1) = —J Yy (1), (3.34)

where Aga-1 is the Laplacian on the sphere S?~! and where the eigenvalue .J; was given
n (1.8). The Y7 (7) also satisfy the normalization and completeness conditions

/ Yo (7)Y () A1 = SuurSrimr (3.35)
and -
SN Yem (@)Y () = 66 D@ — 7). (3.36)
=0 m

Notice in particular that Y5 = 1/1/€4—1. The harmonic modes are canonical variables
satisfying equal-time commutation relations

[r(r, ), P(r, )] = i6( — ) & [rgm (7). Por (7)) = ibue S (3.37)

with the other commutators vanishing.

3.1.3 Linearized fluctuations

In section 3.2 we will need the modes evolving according to the full lagrangian. To set the
basis of perturbation theory and to compute the energy spectrum at lowest order we must
however consider the modes of the quadratic Lagrangian (3.30)

1 1 1
Lo = 5(ar)2 + 5(aw)? — i + §M2r2, (3.38)

with

M? = Voo (f) = £ Vi (F) = Vi (f) = (4 = m?). (3.39)
At this order the canonical momenta are

P =ir, II=im+2ur. (3.40)

10As in (2.12), the presence of “i” in front of time derivatives is because we work in Euclidean time.
4% is a multi-index taking

L+d—3)!
Nz,d:(%—!—d—Q)W

different values.
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The quantized fields (and the spectrum) are obtained by considering the linearized equations

of motion ) )
Aga-1 — M 21
07 + 5i-1 ; e r —0, (3.41)
—2iu0; 07 + Aga—1 T
and by finding the complete set of harmonic mode solutions of the form
")) Vi) = (0 ) e Vi) (342
o (T) Cy
For each ¢ we find two solutions
Vit (f) + 32 + m? VI (f) + 362 4+ m2
wi(f):,]g—k 1nt(f)+2u +m _ ( mt(f)+2u +m> +4M2J€7
. (3.43)
Vi 3p2 + m? Vi 3p2 + m?
wh(l) = J; + ‘nt(f)+2” Ty ( ‘“t(f)+2” +m> +4p2Jp,

with the corresponding coefficients C’f ’QB (¢), whose expression we do not need to display.
The w124’ p(£) determine the energy spectrum shown in (1.7). Expanding the fields (7,)
in the complete set of solutions and imposing canonical commutation relation with the
conjugated momenta (3.40), we find

21 »
—5 oy P
r wp(0)
(77) . . 4y Yoo (3.44)
T—ip.7|[1— 2 )
B
_ \/T_l
0o wA(@ wi(ﬂ) —wa(0)
T A Yeme  “A9T + hee
&2\ 30 - 0] || )
L Jo
- 7
- wp(f) w(¢) on(®)
+ B Yome “PYT + hee. |,
22 \250 A0 || [ |
L Jy

where operators (Agz, A;m), (B, Bzﬁz) and (7, pr) are canonically conjugated pairs:

[ Ay Absi] = S0 S (B, Blyis] = 800, [T, pr] = 1, (3.45)

with all other commutators vanishing. In the last sum’s £ = 0 term, one has to use the limit

2
wh(l)
=

A
w(0)°
Notice that the Ay are defined for £ > 1 and have frequency w4 (¢), while the Bys are

defined for £ > 0 and have frequency wg(¢). The role of the £ = 0 mode in the A sector is
played by 7.

(3.46)
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Several features of (3.43) are worth remarking. The first is
wa(0) =0. (3.47)

This is the manifestation of a Goldstone boson associated with U(1) symmetry breaking
around the saddle. The U(1) acts as a constant shift of =, while p is invariant. Therefore
Aym and By are all neutral while 7 transforms by a constant shift. Notice that the
conjugated momentum p, precisely generates these transformations. Indeed, applying
Noether’s theorem to the quadratic Lagrangian (3.29) and comparing the result to the
generator () of x shifts in (3.16), we find

f

Up to a factor, the zero mode 7 is the phase y; that exactly parametrizes the family of

pr=(Q—n) (3.48)

solutions at the full non-linear level. It therefore makes sense to treat this mode fully
non-linearly, singling it out when expressing ¢ in terms of the harmonic modes

(T, 1) = 7Yy5 + 7(7,1), (3.49)
and factoring it out from ¢,'?
A . f—|-7" ;™Yoo ;7% f+T Zm T
o(1,m) = elTe T eV ~ eMe T (14+4— ). 3.50
=" e 7 (350)

7¥po

As dictated by the commutation relations and by the definition of the modes, the factor 7
has charge 1 while the fields r, 7 are neutral, which is consistent with the transformation
property of ¢§ Thus 7 is a cyclic coordinate with periodicity 27 f/Y5 and the canonical
pair (7, pr) does not correspond to a harmonic oscillator with an associated Fock space.
The Hamiltonian for this pair is

P2 a2\
Hy =1 {1 - (%(0)) ] . (3.51)

The second important feature is that the B-mode is gapped

wh(0) > wh(0) = Vg (f) +3p* +m* > 0. (3.52)

For large u, or equivalently large An (see (3.24) and (3.25)), we can then integrate this
mode out and derive an effective field theory description for the Goldstone mode [6, 7],
which consists of the Ay and 7.
The third property is that, for the classically scale invariant cases, (q_ﬁqﬁ)z ind =4 and
(p¢)? in d = 3, we have
wa(l) =1 (3.53)

This equation is associated with the fact that A;,7 and ALﬁ are respectively the K7 and
Py generators (see for instance (3.74)). As such they have scaling dimension —1 and 1.

2Here we have also absorbed the iu; in (3.21) into #/f or equivalently set 7; = 0.
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Acting with AJ{WZ on a state therefore produces a descendant. Finally, we have that in the
free limit, A = 0, the two modes become

wall) =4, wp(l)=~L+d—2, (3.54)
and at finite coupling their asymptotic behavior is given by

wall) = wp(l) = L. (3.55)

{—00 {—00
Excitations around the charge n ground state |n) are obtained by acting with the neutral

modes Azm and Bgm
(A5t (BE T L n). (3.56)

f1m1 jlkl

Taking now into account that states involving at least one ALﬁ are descendants leads

to the spectrum of primary operators at leading order which was mentioned at the end
- TYpo
of section 1.1. As we said the 7, p, pair does not produce a Fock space. Instead e' 7
7.7?Y00
and e "7 respectively raise and decrease the charge by one unit, thus mapping to the

corresponding fixed charge Fock spaces.

3.2 Relation between different Fock spaces in free theory

Free field theory can be successfully studied around both the trivial ¢ = 0 and the
non-trivial (3.21) saddles. That allows to find explicitly the mapping between the two
corresponding Fock spaces. We will do that focussing on the d = 3 case.

The map between the two spaces corresponds to a canonical transformation resulting
from equations (2.12), (3.10), (3.27) and (3.32)

(py). (6py) = (P), (mI), (3.57)

We use the decomposition of the fields in harmonic components (3.33). In three
dimensions m € {—¢,—¢+1,...,¢} is a simple index. The fields clearly satisfy

I
|
N
3
—
IS
|
3
N
3
S~—
S~—
s

rom(T) = (1) (rp—m(—7))", Tem (7)

3.58
PZm(T) = (_1)m(P€,—m(_T))T7 Hﬁm(T) = (_1)m(HZ,—m(_7—))T' ( )

These components are written in terms of the zero mode and creation and annihilation

operators yielding

r00(T) = Pr + \2 (BOO(T) + Bgo(—T)) ;

7

mo0() = 7+ —= (Blo(=7) = Boo(7)) ,

S

(3.59)

Poo(r) = Z= (Bla(=7) = Buo(r)).

oo (7) = pr,
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and (for £ > 0)
1

rim() = 5 [Aen(M)+ ()" 4]y (=7) 4+ Ben(7) +(=1)" B} (7).
() = 5= [Agi (1) = (=)™ 4] (=) = B (7) 4 (~1)" B} _,,(~7)].

2, /wy L l,—m

2\;@ (=)™ A () LA, (=) = (= 1) (€4 1) By (7) + (E+1) B, (=7)] ,
1

on(7) = 5 (1) (04 1) Ag (1) +(E+1) AL (=7) = (=1)™ By, (1)~ B}, (=7)]

Py (1) =

(3.60)

Here we do not consider only the quadratic Hamiltonian for fluctuations around the saddle
but take into account the exact solutions of the equations of motion. Thus operators
Apn(7), Be (7) have complicated time dependence, not just a simple phase rotation. How-
ever, they satisfy the commutation relations (3.37), (3.45) and hermiticity (3.58) at all 7.
At 7 = 0 they coincide with the 7-independent creation-annihilation operators introduced
in section 3.1.2 for quadratic fluctuations.

Our goal is to express these operators in terms of the ladder operators of vacuum
fluctuations. The form of (3.10) makes the mapping non-linear, which makes it difficult to
find a closed form solution. However at large n the solution can be reliably expressed as a
systematic expansion in inverse powers of n.

We will be studying fluctuations around the lowest energy state with charge n, for
which <a$0a00> ~ n. The large charge expansion can then be organized by assigning to
operators a scaling with n

ago ~ O(Vn),  usom ~ bom ~ O(1). (3.61)

For instance, by singling out agoaoo in the expression for @ (2.17) we can write

[e%s) y4
Q—-—n+ bgoboo — Z Z (a;magm - b;mbgm)] } , (3.62)

=1 m=—¢

+ 1
appaoo =1 1+ -

where the term in square brackets represents an O(n®) perturbation. In what follows
we treat the fields as classical variables, disregarding issues of ordering. Expressions for
quantum operators can be restored, in principle, by finding an appropriate ordering such
that the commutation relations are satisfied.

Our goal can be achieved through the following steps:
1. Remembering that for free theory in d = 3 we have
1 n 1
0,3) == =/ ={+ - 3.63
/Lg( ) ) 9’ f o We + 9’ ( )
and combining equations (2.9), (3.10), (3.21) and (3.27) we can write

fHr iz & : 1 T by (= —(+1)r 7 7
ef :Z (a e Yy (1) + byme Yﬂm(”)> = h(r, 7).

Im

(3.64)

— 95—



It is also convenient to write

r(r, ) = \/2h(r, (-7, 7)! - , (3.65)

e T = : (3.66)

Notice that, here and later, we formally treat ago and aag as invertible as we are
working in a subspace with large charge. For example, we can write

1 1 2r  [2n3 [ 75
= ~ ) %S(T,ﬁ)—l-?) %(S(T, )2+ ...
Jhrh(-r @)t e +srE) Y Am 2n

(3.67)
where we used agoaoo =n+ ... and parametrized all subleading effects by s(7, 7).

2. Using the orthonormality of spherical harmonics (3.35), we extract the harmonic
components 7y, Temy Pom,y oy, from (3.33).

3. We finally solve (3.59) and (3.60), for Ay, Bem, 7 and py.

Leading order. At leading order in the n~! expansion, we get

T a aOObém - annAem _
=0 =0 By (1) = — 2 o= (417 Ag () = 200 -
b ' P {Z ﬁ} Vvn’ 7) Vn ‘ ’ tm(T) Vn ‘
(3.68)

As explained, the zero-mode 7 is kept in the exponential. This also ensures that the
expressions are polynomial (monomial at this order) in the vacuum ladder operators. One
further justification of the exponential notation will appear when computing the propagator
in appendix G.

The commutation relations have the form

[Agm, A};,m,} = (azr)oaoo S00r Oy — agmaz,m,) = 000 Oy + O (n_l) , (3.69)

Sl 3

[Bgm, B;,m,} = (aooago 000 Opry + bgmbz,m/) = 0pp Oppyny + O (7171) s (3.70)

which are canonical at the required accuracy (see (3.45)).

Next to leading order. We find that exp [Z\/L%} is still given by (3.68) while p, is given
by its exact result (3.48). The expressions for the other ladder operators are long. Therefore,
here we provide only that for Ay, since we will need it in the next section (that for By,
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can be found in appendix D)

.I.
_ Qgo%m 1 NARY: T
A = N + 4(1+ 20)n/2 ((1 +4£) (nboo — byo(ago)”) aem — 2nbyobem

+ (=)™ ((—1 + 20)nbjy + (1 + 20)booady)aj .,
— (=)™ (2(1 + )nboo + 200y (aby))b], )
m\FCZ 1,05

+ —T, T2 2+ 3044y + 0)(ahy) s, m,a
zl;po 8\/mﬂ/3/2 ( ( 1 2)( 00) £1,m1 Wy mo
all m1,mo + 2(1 +0—L + 3€2)nbf1,m1a42,m2

+ (£ = 01 = £2)adobey my bty ms
+2(=1)"2(2+ £+ 30, + €2)na41,m1a}2,_m2
— (=)™ (1 + 30— £1 + £3)(abo) B,y 0 s
+2(=1)"2 (14 £ — €1 + £a)aobey sy @l o,
—2(=1)"™(2 = £+ £y + 3C2)nbgy 1y b},
F(=1)™F2 (2 4 £ €y + b)adgal, . ab
—2(=1)™ M2 (1 — £+ 3y — bo)nb], _,, ab .
— (=1)matm2(30 — fy — 52)(G(T)0)2b21,7m1 bzz,*m) :
(3.71)

Here we introduced the Gaunt coefficients

mimoms

_ \/(261 +1)(262 +1)(205 + 1) (fl l £3> (gl l g3> (3.72)

ch bl _ / Yerms Yeyms Yiamy d22

47 000 mi ma M3

given in terms of Wigner 35 symbols. These coefficients vanish unless the spins satisfy the
triangle inequality
|€1 — €2| <3 <1+ {5, (373)

meaning each spin has to be in the tensor product of the other two. Moreover Gaunt
coefficients vanish unless m; 4+ mg + m3 = 0 and ¢ + 5 + l3 is even.

Some remarks on (3.71) are in order. First, notice that the NLO corrections have

relative size n—1/2

1/2

. Higher orders behave similarly, resulting in an expansion in powers
of n=/“. However, when computing observables, the NLO terms do not interfere with
the leading order terms, resulting in an expansion in powers of 1/n, as expected in the
semiclassical framework. This is exemplified in section F.

When considering even higher orders, Ay, will contain sums over 4,6, ... spins with
coefficients that, like (3.72), are integrals of products of respectively 5,7,... spherical
harmonics. As these coefficients go like powers of £ one would expect the parameter
controlling the convergence of the expansion to go like %N for some «. We will discuss this

in detail in section 4.
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Finally, notice that some of the NLO terms don’t annihilate the state |n), so that
Aym|n) # 0. The reason is that |n) is the lowest energy state of charge n for the full
hamiltonian (the one associated with (3.29)), while Ay, and By, are the ladder operators
for the quadratic hamiltonian (associated with (3.30)). The vacuum |§2), which is annihilated
by Ay, and By, coincides with |n) only at leading order, hence our result.

3.3 Mapping superfluid excitations to operators

With the tools presented in the previous sections, we are now ready to identify operators and
map them to superfluid excitations. The latter, as defined in (3.56), can be expressed as a

—1/2 of polynomials of gy, azm, bems b}zm acting on the free Fock vacuum |0).

power series in n
These, by the operator state correspondence, can in turn be written in terms of operators
involving ¢, ¢ and their derivatives.

To identify primary states, we must express the special conformal generators in terms
of Ay, Bern and Azm, B;rm. This is done by inverting (3.71) and the other formulae relating

ladder operators in the two frames, plugging the result in (2.39), (2.43), and (2.45). For
instance, at leading order, using (3.68), we get

Ko=+nAyg, K_=—yVnAi_1, Ky =+nA,. (3.74)

Thus, as was already discussed, at leading order only strings of creation operators not

containing A]Lm are primaries. There is a clear parallel with the conclusion of section 2.4.1.
This is due to the fact that, at leading order, states generated by creation operators Azm, Bgm
correspond to the states generated by .A} mo B} m-
As a result, due to the following identities
T R Tt yn—1 n-l
@004y, (ago) Ay () (4m) 2 -1
Alyln) = =2 e |0) =~ 0) = Vi M8 O - 0, 910),

Vi VT -l T 1 s

the state Azm\n) corresponds at leading order to an operator with ¢ derivatives all acting

on the same field
" Oy iy @ (3.76)

4 How large is “large spin”?

Quantization around the saddle offers a systematic computation of observables for states
with charge n as a power series in n~!. Clearly, as n — oo the procedure works for states
with finite spin /¢, for the ground state |n) in particular. In this section we will study the
convergence of the expansion when both ¢ and n become large.

4.1 Matrix elements for excited states

On general grounds we expect the expansion to be controlled by the ratio £ /n for some
k. One way to find out what « is, would be to perform NLO computations around the
non-trivial saddle. However, we’ll make use of the fact that we know a class of primary
states in free theory in exact form and not just as an expansion in inverse powers of the
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charge. That will give us full control of the computation, allowing to successfully trace any
transition between different regimes (see section 4.2).

Intuitively we expect the radial component of ¢ to be a good parameter to control the va-
lidity of the semiclassical approximation. The smallness of the size of its quantum fluctuation
relative to its expectation value is a necessary condition for the semi-classicality of a state.!
Fluctuations comparable to the expectation value, and thus consistent with the vanishing
of ¢ (at least somewhere), signal the breakdown of the semiclassical approximantion.

We will thus study the large n behavior of the following matrix elements

O(0;¢,n,p) = 4(n; 4, ¢ :83.’(2(7’, ﬁ)@f.’d;(ﬂ n) : |n;l, )4, (4.1)

for arbitrary integer p, where |n, ¢, ¢) 4 is the primary state found in (2.57).
Rewriting the fields in terms of ladder operators (2.9) and (2.10) yields
p b b . e(w[/ wWen )T
(730, n,p) = Z (k] Z L T Y 4 4 Toron [Vrr),

k,k'=
Z” //

where we introduced the following notation

) = ma(abe)"™" " (a 1) af_yo_410). (4.3)
Using that for k, k' # ¢ — 1,¢ we have
(Olags ™ at1ae—r kb pyarr mr (alo)" ™ () af_yy ¢ 110)
=m—k—=1%[(n—k—1)0p0 + kdp1 + 0 o—k) Serer 81 Oy Oy (4.4)
and neglecting the terms with k, ¥’ = ¢ — 1,4, which are subleading, we get
O(7;0,n,p)

-2
20 (n—k—1)!
Drag ];) LRI (20—2K))

| (= k=) Yoo Pwf? ™ kYt P [Veog i 2Py
(4.5)

We then use
1 (20 +1)!
260! 4

which means |Yg_k’g_k|2 is maximal at § = w/2. Approximating factorials by Stirling’s

Yee(0,0) = sin® @, (4.6)

formula, we finally find

O(7/2;4,n,p) = 4p+1 lQo(ﬂ D) + Q1(j,P) + szf;?p) +...
L& (PM o+ 1(j’p)+szf2’p)+~-)]a (47)

3For an illustrative example based on the spinning top see [7].
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where Py(¢) and Qp(¢) are n-independent functions which at large ¢ scale as ¢,
and £ = 2p — %

It can be concluded that for the case at hand x = 1. In other words, the semiclassical
expansion can be trusted as long as ¢ < n. We expect that for a wide class of observables,
even for theories with interaction, computations around the non-trivial saddle can be
organized in a systematic series in powers of £/n. Another instance is examined in appendix F.
However, not all quantities have this type of expansion as we now discuss.

4.2 Primary states

Let us consider 1/n corrections to the operator whose leading term is given by (3.76) and
whose associated state is given in exact form by (2.57).14 By the notation (4.3) we can
write the state succinctly as

¢
In; 0,004 =gy |1hg) - (4.8)
k=0
The vectors [i;) are mutually orthogonal, but they are not normalized. Comparing their
relative norms we find

(Wrlve)  _ (C—k+1)20—-2k+1) & (49)
(Yr—1]r-1) (n—k)k nk’ '

where in the last equation we used k < ¢ < n. This equation implies the norms (¢y|1)

(€2 /n)* /k! approximate the coefficients in the expansion of the exponential exp(£2/n). We
then have two regimes depending on whether £2/n < 1 or £2/n > 1. In the first case the
succession (1g|1y) is peaked at k = 0. Instead, for £2/n > 1 the succession is peaked at

202
kmax = —, 4.10
- (4.10)

and has a width of order /kmax = £/v/n (see figure 2). Thus, the primary state (2.57) is
dominated by the sum of [¢;) roughly in the range kmax — VFmax <k < kmax — VEmax-

This result seems to suggest that, for primary states, the 1/n expansion (2.57), or
equivalently (4.8), breaks down at ¢ ~ /n. However, the expressions for (primary) operators
are coordinate dependent. What we have shown here is that, when expressed in terms of
creation-annihilation operators ag ., azm, primary operators are written as power series
in ¢/y/n. There may exist other coordinates that partially resum the series leading to
a manifest expansion in powers of £/n. The mere fact that the expectation value (4.1),
which is coordinate-independent, is presented as a power series in ¢/n, speaks in favor of
that possibility.

Unfortunately, those coordinates are certainly not the creation-annihilation operators
corresponding to phonons Ay, A};,m' Indeed, rewriting the first two terms in (2.57) using
the leading order relation (3.68), gives

V20
In, €, 0) 4 = oV (n—1)! <A2e - %Aﬁ_l,g_lflh n). (4.11)

M The spin ¢ is bounded by 2 < £ < n.
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Figure 2. Normalized (1|t) as function of k for n = 103 and ¢ = 500.

One may hope that the second term in parenthesis is cancelled by NLO corrections (3.71),
however, it is straightforward to show that it is not the case. We can show using (E.6) that
the only potentially relevant term in (3.71)

(_1)f—1ﬁc€,f1782
- W?ﬂ (2+30+ 6 + o)A} AL (4.12)
1 2

scales as O(°)/\/n, for {1 = my =€ — 1, {3 = ma = 1, so it cannot cancel the term scaling

as £//n.

Our conclusion of this section is that the semiclassical expansion can be trusted for spins

as large as the U(1) charge, ¢ ~ n, as long as we are dealing with coordinate-independent
quantities. On the other hand, if we want to identify primary states, using creation-
annihilation operators corresponding to phonons, perturbative expansion breaks down much
earlier, for ¢ ~ /n. We expect that for spins in the window /n < ¢ < n there should
exist different semiclassical backgrounds, expanding around which would allow to describe
primary states perturbatively.'®

5 3-pt function

In the next two sections we will further explore the semiclassical methodology described in
section 3.1. Focussing on the Wilson-Fisher fixed point in 4 — & dimensions, corresponding
to the theory in eq. (1.1), we will derive new results by studying 3- and 4-point functions
involving two operators with large charge n at next to leading order in ¢ (or equivalently

15Expanding the summand in (2.59) for large ¢ and n and computing the sum via saddle-point approxima-

S (22 e (B cep {22 [ 2o (2
kfok! n Xp ) TPy, n n? ’

which suggests that this result can be obtained perturbatively in a double scaling limit n > 1, £ > 1,
£/n = fixed.

tion leads to
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X

Figure 3. One-loop renormalization of ¢¢.

in n=1). More precisely, we will compute correlators of the class presented in eq. (3.1)
involving one or two additional operators O;, i.e. N equals 1 or 2. For simplicity we will
focus on insertions of just one specific type of neutral operators'®

O(z) = (¢¢)" (). (5.1)

We start from the 3-point function of ¢¢, which, up to the normalization, is fully determined
by the scaling dimensions and a single fusion coefficient. The scaling dimension of ¢"
is given by (1.6), while that of ¢¢ can be easily computed using standard perturbation
theory through Feynman diagrams as we will see shortly. As a result the only parameter
to compute is the fusion coefficient A 3¢ Which appears in the 3-pt function of canonically
(re-)normalized operators [0;] as'”

_ _ Az
(16" () [0¢](2) "] (2:) ) = o . (B2

(wf — @i)220m R0 (1 — 3;)A0 (xy — w)R0

On the cylinder, using (3.2), one can more simply write

Age = lim = (n|[p@] (T, 70)|n). (5.3)

Tf—00 —

(011", i) 98] (7, )G NIO) _ =
LI Ol w6 (. )[0)

For the theory and the operators at hand, renormalization is multiplicative, so that
canonically normalized and bare operators are related by [O;] = O;/Z;, with Z; generally
UV divergent. For instance, the 2-point function of ¢¢ is given by

72
y Iy P9
= , 5.4
((90)()(00)(y)) =y (5.4)
where at one loop order, i.e. just the diagram in figure 3,
A 1 A
. _—0-! _o-11]1_ _
Zoy == 1 o - s e seen] . 69)
which implies the scaling dimension is
A

18The insertion of conserved currents between spinning phonon states has been studied, in EFT, in [28].
7Canonical normalization corresponds to (0|[O](x)[O](y)|0) = (z —y) 24,
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Figure 4. Topology of diagrams entering (n|(¢¢)|n) at NLO.

For large n, (5.3) can be computed semiclassically by expanding around the saddle
point (3.21). Equation (3.28) yields in this case

/DTDﬂ' (;;5)(7, ﬁ)e_s[r’ﬂ
Nos = 25, A
/DTDW e[l

: (5.7)

where the path integrals have the boundary conditions specified by (3.14).

Leading order: the computation boils down to evaluating the integrands on the saddle,
leading to
9 n

Ago = [ 93:—*, (5.8)
where we used (3.23) and the leading order result Z¢—j¢1 = 2Q3. For small An we have p, =1,
see (3.24), and the result, A do =T coincides with the tree level computation using Feynman
diagrams. In this section the symbol u refers to pg(An,d) while p, refers to pg(Ain,4).
Notice this is the chemical potential of the 4D theory evaluated at the critical coupling of

the theory in d = 4 — ¢, given in (1.2).

Next to leading order. The result is independent of the choice of (7,7) in (5.7), therefore,
we make the convenient choice (7,7) = (0,74), with

fg = (0,0,...,0,1). (5.9)
d

By expanding around the saddle, the expectation value of the bare operator is then

- " 1 . .
(nl (#6) (0,0a)ln) = 5 (nlf? +2fr(0, ) + (0, 2a)|n) (5.10)
which at NLO, i.e. 1-loop, gives

Af2r3
4

<n| (gggﬁ) (0,724) |n> =5 <7’(0, f1q) / drdQy_, [r(aw)Q —iprti 4

>+; <T2(O,fbd)>,

(5.11)
where within the (...) the fields r, 7 are free fields (3.44) propagating according to the
quadratic action expanded around the background. The resulting Feynman diagrams are

depicted in figure 4. The first step is to find the propagator of (r, 7). In matrix form this
can be written as

D(r—7ii-ii') =3 FO(r — )i Vi - i), (5.12)
l
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where Céd/ 271)(cos 0) are Gegenbauer polynomials and F()(7) is a 2 x 2 matrix whose
exact expression is given in appendix G. The details of the computation can be found in
appendix H. The result is

n 2(3u2 +1 3—2u?+3ut & c1 (s
(5.13)
with
Se(p) = Se(p, 1,4), (5.14)
where
Su(pum, dy = 242 wp(Owa(6)(B3p® +m?) — Jp(p* —m?) c4P ) (515)

w(0) wp(O)wa(l) [wp(l) +wa(l)]

while the coefficients c¢_1,,1(p) are defined by the asymptotic behavior of the summand

Se(p) = c1(pu)l+ co(p) + i) +..., (5.16)

£—r00 l
so as to render the sum in (5.13) finite. Their exact values are
P+ 1

co1(p) = co(p) = 321 cp) =

7#4_'_2”2_3
2032 — 1)

As discussed in the appendix, the transcendental terms proportional to the Euler

(5.17)

constant v, and to In 7, which normally appear in 1-loop expressions, cancel out once we
fix A = ..
For small \,n, expanding pu. in a power series in A.n

A 3/ An )2
=1 *C_F * 33 1
. T 6m2 T 2 <167r2) +OnY), (5.18)
we get
A 5 (A ) 3 2 13] ( Aen \? 3 -1
)\MA*’;OTL[ 167T2+2(167r2> +0O(A\n) +[6C (3)2} <167r2> +0(\n)+0(nh).

(5.19)
While for large A.n, and therefore p, > 1, the sum in (5.13) approximately satisfies

oo

c1( s 1
> [Setet ) = ety - 2] = Liogu. G20)
(=1

Combining that with the leading contribution n/u, and using the relation pu3 = \,n/4Q3,
which applies in the large A\in regime, we get

\ 82 <)\*n>2/3<1+ M )\*n>

o 8T (A o

% ynseo A, \ 872 14472 08 g2

872 [\ %+14A4;2 5 [2en s Age

3 (8;2> =2€<5) ~ T (5.21)
*

where A 5o 18 given by eq. (5.6) with A — A,. The scaling with n is precisely as predicted

by the large charge EFT description [7].

~ 34—



6 4-pt function

Focussing again on the Wilson-Fisher fixed point in d = 4 — ¢ we will now study, by the
same methodology, the four point function with two insertions of (¢¢).

Let us recall that a general 4-point correlator in a CFT can be written using s- and
t-channel representations

_ A1—A Az—A
g1234(2,2)  (waa\ T T2 (i \ TR
O4(24)O3(23)O2(22)O1(21)) = —x 7K, Az 1A, <> T3 "
(O4(24)O3(w3) O2(22)O1(21)) pfy A2t Al \ gy 713 o1
_g2uu(l—21-2) (3”24>A3_A2 <$34>A1_A4 (6.2)
x3A23+A2xﬁ1+A4 X34 x13 '

where z and z are defined by the conformal ratios according to

2 .2 2 .2
w=zr= 2B o (1) (1 - z) = AT (6.3)
L13To4 L13To4

Modulo kinematic factors, the relevant information is encapsulated in the g;; (2, 2).

For Euclidean signature, the two variables z = ¢” 7% and z = 7~ are related by

complex conjugation. Using conformal transformations to map z; — 0, x4 — oo and
x3 =n=(0,0,...,0,1) xe =n(f)e” = (0,0,...,sin6,cosf)e”, (6.4)

we can rewrite

95(2,2) = gi2,34(2, 2) = [2[%1(04]03(0,72) Oa (7, 2(0))|O1), (6.5)
= Z|A2+A3 . .
gt(z, 2) = 932714(1 -z, 1-— 5) = |Z|7A2<O4|03(0, ﬁ)OQ(T, ’fl(e))‘01> (66)

The gi;x1(2,Z) can be decomposed as a sum over the primary operators that appear in the
operator product expansion (OPE) of ij and kl

_ S N
9ijk(2,2) = > Nijakiaga " (2,2), Dy = A = A, (6.7)

where a labels the primaries while A, £, and A;;, respectively represent their dimensions,
spins and fusion coefficients. The conformal blocks gﬁfg’Akl(z,E) are completely fixed
functions: their functional form is fixed by the conformal group and their normalization
by (6.7). Their explicit expressions in d = 2,4 can be found in [29]. What matters for our

discussion is that in any dimension they admit a power series expansion in |z| [29, 30]
L+Ek

GAT (=, 2) = A 2 S AR (A, 00 (cosh), z=1zle?  (6.8)
I

with jo(¢,k) = max (¢ —k,k — ¢ mod 2), where the term proportional to |z|*C;(cos )
corresponds to the level k descendant with spin j. The dimension and spin of the intermediate
primaries is directly read from this expansion. The AkAjl’Ag“(A, ¢) are calculable coefficients,

in particular Aéal’A34(A, 0)=1.
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We will here study the specific correlator

(16" (@n)[0¢)(ws)[d6)(w2) "] (21) ) (6.9)

so that equations (6.5) and (6.6) reduce to

o~ o~

93(2,2) = g¢",$¢;¢§¢,($n (2,2) — Z(;(;|Z|A¢’n (n’((b(b)(ovﬁ()T(LT;S)(Tvn(e)Nn)’ (610)
_ _ _ 1—22A¢7¢ni\ 0,n b 7,7(0))|n
02 = g g1 — 21— ) = 222 : L% I(E0)0. )G AN
(6.11)

In the regime Agn > A 5> the s-channel is controlled by the “Heavy-Light” OPE, while
the t-channel is controlled by the “Heavy-Heavy” and the “Light-Light” OPEs.

6.1 Leading order

As before, the leading order contribution corresponds to evaluating the path integral on the
saddle and gives

A
= A

(nl(60)(0,1a)(6d) (r. D)) _ 1*
(n|n) 4"

(6.12)
The implications of this result, when considering the s- and t-channels are as follows.

s-channel. From (6.10) and (5.5) we obtain

gs(2.2) = (1203)" |15 . (6.13)

Therefore, the only operator appearing in the ¢" x ¢¢ OPE is ¢" () itself with the fusion
coefficient (5.8). Moreover, we see that at this order the descendants of ¢ do not contribute.
This is to be expected, because the contribution of descendants is suppressed by powers
of the ratio %f:, and thus by an inverse power of n, just as a consequence of conformal
symmetry (see also [8]). For instance, the first descendant term in the conformal block

has coefficient
Aoy + A)(A34 + A)

ATIEH(AL0) = ( A : (6.14)
which, for the case at hand, equals
A2
o9
6.15
and is suppressed in the limit n > 1.
t-channel. From egs. (6.11), (6.12) we obtain
n 2 |y|2Ad’>¢
9t(y,y) = () — 6.16
= () s (6.16)
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oo + Qo + T
e s 0@ 4 63

Figure 5. Topology of diagrams entering (n|(¢)(¢o)|n).

Expanding in powers of y

2
al.3) = () o1 [1+ 19101 (cos ) + CEY (cos6) + IS (cost) +.. ]
(6.17)
and comparing with the expansion in conformal blocks, (6.7), we deduce that in this channel
there appears a tower of primary operators labelled by their spin ¢ and by an integer k,

with dimension

Aoy =4+2k+20,  (,k=0,1,2,..., (6.18)

and with fusion coefficients satisfying

ynn yé6.6 _ S (1) (K)?(k +20)(k + 2¢ + 1)!

(kO (kO T g (2k)1(2k 4 40 + 1)! (6.19)
At weak coupling these operators correspond to
Oway(x) = (66 0™0p,, - Dy 69) (), (6.20)
where {} indicates the traceless symmetric component.
6.2 NLO
At next to leading order we must consider, in full analogy with (5.10),
(n[(¢9)(0,7)(¢6) (T, 2(6))|n)
2 R 2 r2(r,n(0
= ol | £ pr0i) + g)]§+ﬂ<<»+(;”hm, (6.21)

from which both connected and disconnected diagrams arise at NLO, see figure 5.

Disconnected diagrams just correspond to factorized 3-point functions, which we
computed before. Therefore, what is left to compute is the one-phonon exchange connected
diagram, which leads to

(

72 60 0.8 qj@ww 3,14 ¥ (o), (622
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with Aj, the fusion coefficient in (5.13) and with the propagator for the radial mode given
by (see appendix G)

3 2 2 (1)
Doz, 7) = SO EEL (a0 Z=9al®) | wno @B = T < (cos 29) |
Q3 2wA(L) 2wp () W () — wi(0)

(6.23)

Having secured the four-point function at NLO, we can now turn our attention to the

=0

spectrum of operators appearing in the different channels.

s-channel. The analysis is straightforward. Indeed using (6.10) and (6.23) we see that
the four-point function

oo ) 29\ (1)
gS(Z,2>:A%¢‘Z|A¢n 1+47:U’Z (‘Z|UJA(K) Je WA(€)+‘Z|OJB(Z) WB(E) Jé) (E—Fl)cf (COSQ)‘|

2a(0) 25(0) ) WB0-w(0)
(6.24)
is already in the form (6.8). Therefore, we can identify the primary operators by simply

=0

looking at the powers of |z| in the expansion. These are in one-to one correspondence with
the A- and B-type single phonon states found in section 3.1.2 and result in two separated
towers of primaries with dimension

Ag=Apn +wall), £>2 Ap = Ay +wp(l), £>0. (6.25)

Notice that the tower of A-type primaries starts at £ = 2. Indeed, the £ = 1 A-phonon does
appear in (6.24) but it corresponds to the descendant 0,¢". Instead ¢ = 0 corresponds to
the “Goldstone mode”, which controls the global fluctuations of the phase of ¢ and, as such,
is not excited by neutral operators like ¢¢. The corresponding fusion coefficients can be

read off from the coefficients in front of |z|*
4y Jp — w3 (0)
AL =g (1) A > 2
b¢,A ¢¢\/ n (€+1) 2wa(l) = (6.26)
4 wh(0) — Jy
A =g~ + ) >0, 6.27
66, ¢>¢>\/ —(0+1) 2pl) T (6.27)

We see that these are n suppressed by ~ \/p/n with respect to A 30 It should also be
noted that these operators enter the OPE without their descendants, similarly to ¢™ at
leading order.

t-channel. The analysis is somewhat more complicated. The reason is that the corre-
sponding expression of the four-point function

5 |1—z|2A¢3¢
oo} ]Z\AM

Apr wa0) Je—wi () wp(0) WB()—Jg (5—1—1)0(1)(6080)
5 (e A e R )

gi(l—z,1—2) =\ (6.28)

£=0
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is written as a power series in |z|, and not in |1 — z|. In order to get the latter, we have
to analytically continue the four-point function to the region z = 1. That would allow to
analyze the spectrum of operators appearing in the ¢-channel at next to leading order.

Unfortunately, we do not know how to perform the analytic continuation in closed
form,'® and instead, we will illustrate the principle with an example. For that, let us
consider a simplified situation, z = z € R, in other words 6 = 0. Introducing the following
notation for the summand in (6.28)

Jo — w}(0) wi(0) — o\ (£+ 1)0(1)(1)
) = 9 [ pwa®) 2t A wp(t) B 4 9
e =2 (0 A0 0 ARG R 0
and using its asymptotic behavior (see also (3.55))
¢ 3p* -
G(zl) = 2" |{4+1—= —(1—=2)+... (6.30)
@;olo 2 14

we can find leading asymptotic of the four point function for z — 1

1 Agy—1 3
-y 2o+ = 1)log(1-2)

+R(2)
(6.31)

_ 2
gi(1—2z,1—2) = )\%¢(1_2)2A¢¢ {1-}—: [

with the remainder

R(z) = 2'UJG :il (z;0) — 2 <€+1—Zﬂ2£_1>] =, 0((1 = 2)log(1 - 2))
- (6.32)

a less singular function.

Singular terms in (6.31) correspond to different operators. The term proportional to
(1—2)~2 corresponds to an operator with scaling dimension A = 2, which is nothing else but
) (its anomalous dimension is invisible at this order).!® The second term corresponds to
its descendant, whose coefficient is fixed by the conformal symmetry (compare with (6.14)).
Lastly, the term with log(1 — z) can be exponentiated, leading to a modified prefactor

ge(1—21—2) D A2, (1—2)"% (1- 2) =), (6.33)

o

The resulting exponent should correspond to the scaling dimension of A(M)z (see (6.18)
and (6.20)) at NLO. Indeed, using (3.23), (3.22) and (5.6) we can write

3p
Ay = 2855+ — (1" = 1) =4+ 0(c%), (6.34)

which coincides with the computation using Feynman diagrams, see appendix I. The last
result can also be directly derived using the general relation (see e.g. [31]) A(z4)2 = d+5'(As),

8In other words, we do not possess the propagator in closed form for z ~ Z ~ 1.
19Tn general we expect not only ¢¢ but its spin-£ analogues of the form

(;_58”1 st 8/‘1/. ¢)
to appear in the ¢¢ x ¢¢ OPE.
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between the dimension of the interaction term (¢¢)? and §' = 9,8. Using (1.2) and
2 3 . . .
B(N) = —eX+ 156>;r2 - % + O(A\Y) immediately gives A =4+ O(e?).
We conclude this section with two comments. First, it is straightforward to extend the

computation presented above to the case when the two ‘light’ operators are (¢¢)*. (6.31) is
just minimally modified to?°

g(1=2,1-2) = (6.35)
2 Azar—1 3
2 2Pk 2 (@) "0 32 _

which implies that the two leading contributions are associated to (¢¢)?* and (¢¢)2¢~1.

Moreover, by exponentiating the term with log(1 — z) we obtain, at 1-loop accuracy, a
relation between scaling dimensions

_ 1.2 _ _
Aoy = 28 gop = K (Baae = 28 » (6.36)

which can be checked perturbatively using the results of appendix I. This provides an
additional cross-check.

The second comment concerns the computation of similar correlators in a general CFT
using the universal EFT superfluid description, as done in [6, 7]. Even though the EFT
description can be trusted only for sufficiently large separations between the two ‘light’
operators, we can try and use the results of [7] for the 4-point function to formally analyze
what operators appear in t-channel. Repeating almost verbatim (albeit unjustifiably) the
computation leading to (6.18) we conclude that the spectrum of operators in this case is
given by

A=061+ 0o+ 2k + 4, (6.37)

which for large ¢ > 1 coincides with the predictions of the analytic bootstrap [32, 33]. This
fact indicates there should be away to frame the statement, which is purely within the reach
of EFT. But we do not know how.

7 Summary

Perhaps the most synthetic way to state the result of [6] is by saying that in an euclidean
CF'T the insertion of a large charge operator produces ‘around’ the insertion point a state
that is equivalent to a conformal superfluid. The equivalence is made fully evident by
exploiting the mapping of the theory to the cylinder. A consequence of this result is that,
while the lowest dimension operator of given charge corresponds to the superfluid ground
state at fixed charge density, the operators of higher dimension must be in one-to-one
correspondence with the superfluid excitations. The latter range from states with finite
spin involving a finite number of phonons to states involving vortices whose spin scales with
the charge [23]. This result is remarkable but, as stated in its generality, it is a bit abstract,
not very tangible.

20The fusion coefficient A(3syk can be computed by repeating the steps of section 5.
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In this paper, considering weakly coupled theories, where the operator spectrum can also
be constructed using standard perturbation theory, we made that operator correspondence
more tangible. In practice we considered Wilson-Fisher U(1) invariant fixed points and
focussed on charge-n operators, like ¢", with n > 1. By constructing the operators we have
shown how their spectrum automatically exhibits the structure of the Fock space of phonon
excitations in the superfluid. As our question mainly concerned counting and structure, we
obtained the above result by focussing on the simplest case of free field theory. In that case
the spectrum can be fully and exactly worked out in terms of elementary fields and their
derivatives, and yet, for large n, one can still describe it in terms of superfluid excitations
in a systematic 1/n expansion.

By conformal invariance, operator multiplets are fully classified by their primary
operator. We have identified polynomials in fields and derivatives that play the role of
building blocks in the systematic construction of the primaries. These building blocks are
themselves primaries and are labelled by spin ¢ and by a discrete label taking two values, A
and B. At a given spin ¢, a building block is fully determined by its highest weight element,

carrying Js3 = £. For instance the highest weight A-blocks are given by products involving
21

only ¢ (no ¢) and 0 derivatives of the form

-1
Ao =" apd 10 9)k (0 Fg) (7.1)
k=0

with the o some given coefficients. The lower J3 elements of the block Ay, (m =
—{,—¢+1,...,0) are trivially obtained by acting with the lowering spin operator J_. The
A blocks are only defined for £ > 2. Indeed the Agp-block would be trivially proportional
to the identity operator, while the ¢ = 1 block would be proportional to 0_¢, and as such
it would be a descendant not commuting with the special conformal generators. B-blocks
have instead the form

¢
Bre= Y B 1 (0-9)" (07" 0) (7.2)
k=0
with suitable 8. Unlike the A blocks, the B-blocks are defined for all £ > 0. In particular
Boo = é¢. Notice that the blocks have charge ¢, thus their charge equals their spin. By
a combinatoric argument, we have then proven that all primaries of spin bounded by the
charge are obtained by taking products of A and B blocks, corresponding to expressions of

the form

T 1 B
a B a B

These expressions are well defined as long as n — ny4 — np > 0. In particular, they are well
defined in the limit n — oo while keeping the total number of derivatives and powers of ¢
finite. This result for the operator spectrum is precisely in one-to-one correspondence with
the Fock space of hydrodynamic modes around the superfluid solution. The latter consists of

21This expression is equivalent to (2.63) with an abuse of notation, since here we do not distinguish
between the full field ¢ or its creation part.
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A and B-type modes of all possible spins. However A-modes of spin £ = 0 and ¢ = 1 should
not be considered when constructing operators of fixed charge. The former excitations do
not correspond to Fock states, and simply give rise to operators that interpolate between
subspaces of given charge. The latter are seen to correspond to descendants.

Our building blocks allow to explicitly construct all the primary operators whose number
of derivatives is bounded by their charge. The spin of these states then satisfy £ < n, and
we naturally expect a new regime to arise for £ > n. On the other hand, as illustrated in
section 4.2, the structure of the building blocks displays also a subtle change of regime at
the smaller value £ ~ /n. In the superfluid description the change of regime consists in the
fact that for ¢ < /n, the primary states are approximated by states with a fixed number of
phonons, while for ¢ < y/n the primary building blocks involve a significant mixture of states
with different numbers of phonons. This indicates that at £ = /n the interactions among
phonons become important and that states cannot be described as small fluctuations around
a homogeneous superfluid solution. In other words it appears the superfluid description
breaks down for ¢ 2 \/n. However, and remarkably, leaving aside the explicit expression
of the primaries, it happens that for v/n < ¢ < n the superfluid description can still be
used for computing coordinate (basis) independent quantities, like the expectation value
of ¢¢. This fact strongly suggests that in the window /n < £ < n there exists another
hydrodynamic saddle point allowing a more convenient description of the primaries. We
have not investigated that, but this is clearly an issue worth further study.

As we already said, in this paper we haven’t addressed at all what happens for even
higher spins, £ > n. However, our combinatoric argument shows that, even in this case,
the counting of primary operators (with maximal spin given the number of derivatives)
coincides with the counting of superfluid phonon excitations, with the constraint that each
phonon’s spin be less than the charge. At the moment we cannot say anything in favor of the
existence of yet another hydrodynamic saddle point, rendering computations perturbative
in this case, but these puzzling facts clearly warrant further investigation. Indeed, in the
interacting case the regime of large spin and large charge is expected to be universally
described by vortex dynamics as discussed in [23]. The search for different saddles with
respect to which expand at large spin in the free and interacting case seems, unavoidably,
the next thing to study.
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A Coefficient Y/t

m

We provide here a few explicit formulas regarding the coefficient defined in (2.24). First, we
write the spherical harmonics in the basis (2.28)

20+ 1)(¢ 1(0 — m)! Trngont”
Yom = [—Sign(m)]m\/( - Ut |—|—|m) =m) > -n(+ . )n_
2iml 4 oy o o=t (—2)min{are—)a lapla_!
oy —0_—=m
(A1)
é*‘m‘ +m—k & L—m—k
(0 —m)! 2 2
= [—sign(m)]m\/(%+ 1)(;;&?)‘(6 m) Z zf\mquk ’ nOZ— / o\’
i batep 2 (—2) 5 (R 1k (k)

where the sum over k is taken in steps of 2, starting form ¢ — |m| mod 2.
After the integration we get the coefficients
[ [e70) o _

A N et s [—sign(m)]™ /7 (20+1)/(TFm){(T—m)!
y(m = Yay+apta— fla_—ar,m /!

) é_2|r:n| (_1)€—k2—|7n| F(k+oéo+1) (E—.’“g"‘o)!
k step 2 230~k F<€+%> (“’g_k)!k!(‘e—’g_k)!

. (A2)

B Explicit expressions for spin 2 and 3 primaries

In this appendix we give explicit expression for spin-¢ primary operators associated to the
primary states (2.57) using operator-state correspondence (2.22). As discussed in section 2.2,
it is assumed products of (derivatives of) ¢ are normal-ordered and evaluated at the origin.

The counting of primaries given in (2.71) indicates there is one primary of spin £ = 0, 2,3
but none of spin 1.

Spin 0: is trivial, for we have only one state given by (2.52).

Spin 1. Explicitly, we have three states

n—1
(abo)”  al, 0, (B.1)
which correspond to

n—1
(abo)" " al 1[0} = —(4m)™26" " 0_g)0), (B.2)

n—1
(abo)" ™"l o10) = (4m)"/26" 1 00010), (8.3)

n—1
(abo)" al_110) = (4m)"26" 10, 6]0). (B-4)

It is straightforward to show using (2.39), (2.43) and (2.45) that those states, hence operators,
are descendants, as we would expect since these operators can be written as derivatives of ¢".
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Spin 2. We can write two spin-2 operators by combining n fields ¢ and two derivatives in
a traceless and symmetric way

O = 61 (300 — 0% ), 0Z = "2 (3,00, - L002).  (B)

One linear combination of these is the spin-two primary.
To give examples of primary states with non-maximal J3 eigenvalue, let us repeat the
method of section 2.4.1 in this simple case. We consider a state

n—1

32,04 = a1 (ab)" abol0) +az (al)" (alp)10) + B2 (aby)" " al yal, 0. (B.6)

Acting with K1 and K we see that this state is primary provided as = B2 = —ay. It
follows from (2.22) that

132,004 = (47)" %y | 56" (080~ 0:0-9) — 6"~2 (@udtho ~ 0:00-0)| [0} (BT
= (m 2 [5om (3086 - 0P0) — 672 (30moho — (007) | 1) (B
= (m 22t Lo (080 — 506 ) — 0772 (oo — 5002) | 10) (B.9)
- <4w>“/2% (506" -0 ) o). (B.10)
Hence, we conclude the operator O;(f,)l) — 30,8252) is primary.
Spin 3. In this case we have an anzatz
73,004 = a1 (afy) al0) (B.11)
+az (a(TJo)ni2 a£70a}0|0> + f2 (‘1;50)”72 a§,1a1,71\0> + 72 (a:go)%2 ai,flahl())
+as (a(Tm)n_g (a];,())g 0) + B3 (a(T)o)n_3 a];,_la171a;0|0>.
As before, acting with K and imposing that the state be primary we get
In;3,0)4 = (4m)" 20 [(ago)“ al (B.12)
-3 (%0)7172 a;,oai 0o~ V2 (ago)ni2 a;laj{,fl - V2 (C’J:go)?%2 a;fla{,l

n—3 n—3
+ 2 (‘130) (aio) +6 (aoo) al—ﬂi,ﬂ;o] 0),
which corresponds to
n 1 31 5,32
n;3,0)4 = (47) /2041 (60(()00) - *Of()oo) + 50000 ) 0)
e 3,2 3,3
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with

3,1
O;(W/\) -

3 (3,2)
uy)\ -
)

3 (3,3)
,uy)x -

=" 19,0,00—

o (ama?wamaqb)?) -

" 36@6@6@— — (8,000 +0,00pD+062,0,0) (99)?,

1
= (5,UV8)\ +0 Aau+5Aya

)82¢’

"0 aycbamm" 20460, 006+ 8" 20,600,006
b
(0,007 6-+0,(90)°) = =2 (9,60°6+0,(99)%).

(B.14)

(B.15)

(B.16)

the three spin-3 operators. We conclude operator Ofl’j’/l\) — 505;’3\) + 3005;,’?\) is primary.

C Counting primaries with £ > n

Here we give several examples of the formula (2.71) presented in main text.

First, let us consider the case of charge 2. We detail the partitions mentioned in the

argument of the main text. We do this for the examples of spin 4 and 5:

o Prim(4,2) =1

o Prim(5,2) =0

p(4,2)|p(3,2)|lp*(4,2) [p*(3,2)|Prim(4,2)
@ 13 [1,1,1,01,1,1) x ©.1)
(3,1) (2,1) [[(2,1,1) [(2,1) X '
(2,2) (2,2) v
p(5,2)|p(4,2)|lp*(5,2)  |p*(4,2) [[Prim(5,2)
(5)  [(4) (1,1,1,1,1)[(1,1,1,1) X (C.2)
(4,1) |(3,1) ||(2,1,1,1) |[(2,1,1) X '
(3,2) 1(2,2) [[(2,2,1) (2,2) x

In general, we find there is one primary operator for even spins and none for odd spins.

Let us now give a more involved example with charge 3 and spin 8, resulting in

Prim(8,3) =2

p(8,3) |p(7,3) ||[p*(8,3) p*(7,3) Prim(8, 3)
(8) (7) (1,1,1,1,1,1,1,1)|(1,1,1,1,1,1,1) X
(7,1) [(6,1) (2,1,1,1,1,1,1) |(2,1,1,1,1,1) X
(6,2) 1[(5,2) (2,2,1,1,1,1) (2,2,1,1,1) X
(6,1,1) (5,1,1)]|(3,1,1,1,1,1) (3,1,1,1,1) X
(5,3) (4,3) (2,2,2,1,1) (2,2,2,1) X (C.3)
(5,2,1)](4,2,1)|/(3,2,1,1,1) (3,2,1,1) X
(4,4) (2,2,2,2) v
(4,3,1)[(3,3,1)](3,2,2,1) (3,2,2) X
(4,2,2)](3,2,2)]/(3,3,1,1) (3,3,1) X
(3,3,2) (3,3,2) v
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For arbitrary spin and charge n = 3 an explicit expression is given by

¢ .
=1, if £=06p—+ 1 for some p € N,
Prim(¢,3) = 4] P P (C.4)
[§]+1, ife#6p+1forallpeN.,
In general, the number of primaries can be found from
o n 1
ZPrim(& n)zt = H R (C.5)
=0 i (1= 2%)

D NLO Fock states on non-trivial background

Here we give the next to leading order result for the annihilation operators By, over
non-trivial background computed in section 3.2. The result uses the Gaunt coefficients
defined in (3.72).

For ¢ = 0:
B — aooboo + 6nb00b:50 — 3“(2)01)%0 (aoo) (boo)
00 vn 8n3/2
m _(_1\m 2
4 Z% 1+2£ TR T (( 1)™4n(1 + 0)agmbe,—m — (—1)™(3 + 20)a20bembe.—m
all m — (=)™ (1 +20)(ao) *aumar,—m — (1+40)2naumaj ., (D.1)
— 4agobimal,, + (—1)™ (=1 + 20)agoal,,af _,,
— (=1)™4na}, b} _. + 2n(3 + 40)bgyb},,,
+ (= 1) (1 +20)(abo) b0 )
For ¢ > 0:
_ agobem 1 t 2
Bom = =2 + 173 (8 40 (nbly — booad)bem + 2nbooan

+ (=1)™((3 + 20)nbop + (1 + 20)blg(ahe)?)b]
— (=)™ (26nbly + 2(1 + O)booao)al, )

RV e

+ —m,mi,mz [ 3+30+401+¢ CLQb b
31%0 SJWWSM ( ( 1 2) 00941,m1Y2,m2
all mi,m2 + 2(2 + 14 + 361 - £2)nbg17mla52’m2

+2(—1)" 3+ 0+ 30 + Eg)nbel,mlbk,w
— (1= £+ €1+ £2)(ady)*at; iy @ty ms

+2(=1)™ (£ + 1 = £2)(alo) Bl @s,ma

+ (=)™ (1 L4 0+ ) ()b, by

—2(=1)"™ 2+ 30+ 4, — 52)@(2)0b€1,m1“z2ﬁm2

—2(=1)"2(1 — £+ 41 + 352)na€17m1a;27—m2

+ 21" (0 b = Bla)nb],

— (=)L 30— 4y — b)adoal, 0l )
(D.2)
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E Some asymptotics of Gaunt coefficients

In the main text we are interested in the expansion at large £ of AZZ. Thus we provide here
some formulas for the asymptotics of relevant Gaunt coefficients. We use special cases of
3j symbols [34]

0 L odd
(15 A @) ) :
= L [(L—20)/(L—261)!(L—265)! Ly
000) (1)} \/( 2012012 (%%)!(L(f)l)!(mh)! L even,
(E.1)

2

(e 6 4 ) _ (_1)”1m2\/ (20)/(L—20))(0+L1+ms)! (fa—my)!
14 —€—m2 mao (L+1)!(L—2€1)!(L—2£2)!(_E"_El_m2)!(£2+m2)!7
(E.2)
where L = ¢ + {1 + £5. We can use Stirling formula to estimate these at large spin. If we
consider ¢ to be large, due to triangle inequality (3.73), at least one of /1, ¢2 has to be of
order /.
If we assume 1 ~ f5 ~ £, we have

£,01,02 £1~Alo~l £/2
Cobomams o gl<€1’£27m2>/ h1<€1,£27m> (6‘7/4+O(£‘11/4)), (E.3)
N AN et

where

4(_1)17:v+y72z(m+y_1)z+y71(m+z+1)z+z+1(y_z)yfz
r—y+1)T vt (y—x+ 1)yt (x+y+ 1)yt (z—2—1)2 =21 (y42)y 2’
(E4)
whose absolute value is bounded by 1 and for each pair x,y there is one unique z such that

1(x,y,2)| =1, namel ZZM,and
91(2,y, 2)] y g

gl($7yvz) = (

hi(z,y,z) = 2 (y =)' A+ a+ )
WY, 2) = 57 (x—y+D)V2(y—a+DWV2@+y+1)(z—2z— 1)V4(y+ 2)1/4

(E.5)

Hence, for each ¢, fo there is only one m1, ms for which the coefficient is not exponentially
suppressed, and for that choice (E.3) is of order £~7/4,

On the other hand if we assume ({1 — £) ~ {9 ~ 1 (the case l5 ~ £, {1 ~ 1 will of course
give similar result)

£,01,02 Ly~

£,—0—ma,ma (— ¢ htmy /o g -2
—_— T4y e _1 _ E.
e SF (1) halty — £ by ma) £ (o), (E6)
Wlth (_1)z+31272z 2@—2y2+271 ( . :1:)' ( — 2)'
hg(ff,y, Z) = Y : Y : (E7)

VA () (4 )WV e - =)t

Hence (E.6) is least suppressed in case mg = ¢; — ¢ which is its maximum allowed value
since |m1| = | — £ — may| < ¢1, and in that case (E.6) is of order £~1.
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F Norm of an excited state

To furnish one more example of the perturbative expansion of quantities involving spinning
charged states discussed in 4.1, we now consider the computation of (n\AggAMn). This is

equivalent to the norm of the state AEZW- Writing the state as a power series in n~1/2
Al ) = [Wo) + ——[Wy) + - |Wo) + .. (F.1)
Vn n
we have from (3.71)
aooa&
[Wo) = n n)
tot _1\m 0,01,62
0y = (Wnl%o( 81)2;{\/%7’1’"2 (= (@+80+01+)adoal, _al,
all m1,ma

+2(1+€— 1 +302)nb}, !

a
,—my L, —mo

+<e—e1—e2><a$o>zbzl,_mlbh,—mz)) "
(F.2)

since many terms vanish when applied to |n). We have not computed |¥s) as this would
require the NNLO expression for AZZ. It is easy to see that (Up|¥p) = 1 and (¥o|¥;) = 0.

-1

Thus order n~" correction to the norm is given by

AR = 1+ = (W2]01) + (ol o) + (0] 0)). (F.3)

We cannot directly evaluate the last two terms, but we can analyze the term (¥;|W;). This
will be given by an infinite sum over spins such as £1, £2, which we have no reason to expect
will converge. Hence (WU(|Ws) has to be an infinite sum as well, such that its divergent part
cancels with that of (¥;|¥;). The order of magnitude of the spins for which the cancellation
starts taking effect can only be the only characteristic spin of the problem: £. We can thus
estimate that the tails of both sums will cancel when summed spins are greater than ¢. In
other words, the behavior of both sums can be approximated, barring some unexpected
cancellations, by estimating the behavior of the sum in (¥;|¥;) with a cutoff of order £.
We observe all terms of |¥y) in (F.2) are orthogonal to each other, so we must estimate the
norm of these individual terms in the limit of large summed spins £1, £5.

First, we consider ¢1 ~ f5 ~ £. We estimate the contribution of such terms to the

norm as
‘ Gt | )
£,m1,ma 2 —7/4 2 2 —3/2 1/2
2y ~ (e )€~€><£ ~ (Y2 F.4
eze“’fwlwb() e;z ) (4
1~bor~ 1~la~
mi,ma2

Let us briefly explain this estimation. We start with a single sum because of the orthogonality
of terms in (F.2), and the summand is the square of the coefficient in that equation. Then,
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as observed in the appendix E, in this regime there is only one choice of mi, ms which
give a non-suppressed term (E.3). Finally, the double sum over ¢, {3 yields an additional
£? factor.

Secondly, we consider the case £1 —£ ~ {5 ~ 1. Again, there is only one choice of my, ms
that yields the dominant term (E.6). Neglecting other terms, we estimate the contribution

to the norm as
2

£,01 02
’ £my,mao 2 -1 2 2
Z (")~ Z 14 (F)~lx1~d, (F.5)
f1~l o1 thés L1l fo~l ( )
mi,m2

where in the second estimation the sum yields a single ¢ factor since only ¢; is summed
up to order £. We notice this contribution is dominating that of (F.4). Evidently the case
by — 0 ~ {1 ~ 1 gives an equal contribution.

Therefore, the series expansion of the norm is estimated schematically as

4. ..

A [n)[[* ~ 1 + +0(n?), (F.6)

where the dots represent terms which are subdominant at large £.

We see the result is again expressed as a series in %.

G Propagator on the cylinder

In this section we show how to construct propagators corresponding to fluctuations of fields
r,7 in (3.44). From time translation and rotation symmetry we know the propagator can
be written as

(x(71,71)y(12,M2)) = Day(11 — T2, 1 - 1T2), (G.1)
where z,y € {r, 7} are fields and (...) is the 7-ordered Wick contraction. The quadratic
Lagrangian yields a matrix equation similar to (3.41) for the propagator (note that it is not
diagonal due to mixing between 7 and r)

B (a% + Agur — M2 2ipd; ) (DW Dy

= — (Sdil) o1 2
_2iﬂar 872—+Agd—1 D7rr Dﬁﬂ) 5(7’1 7'2)5 (n1 nz). (G )

Expanding in spherical harmonics (in this case only with m = 0, which corresponds to
Gegenbauer polynomials)

D(r ity - ita) = > FO(r)C* V (cos(i - i), (G.3)
¢
we obtain
02— Jy — M? 2iud, il ol (d/2-1)
— NyQq_ T = 1)é 4
03 id 2( —2iud; 02 — J, F#f) Fgr ¢ (1)d(7), (G.4)

where the normalization factor of Gegenbauer polynomials is given by

a3 24Tl +d —2)

1
N / CH20) () 02D (1)1 — 32) 5 = . (G5)
a0t ¢ (20+d—-2)0T? (4 -1)
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We can look for solutions of this equations for 7 < 0 and 7 > 0, which will be given by
expressions similar to (3.44), and then find the propagator by matching this solutions at 7 = 0
with a specific discontinuity of derivatives. Alternatively, we can Fourier transform (G.4)
and use (see [35], table 18.6.1)

T(0+d—2)

(d/2-1) _
to obtain ®
2W+d-2 [dw _; MO (w)
F(@) . are—a O —iwT )
(7) (d—2)Qq-1) 2m € (w? + w(0)(w? 4+ wi (0))’ (G-7)
with )
J 2w
MO @) = [« T H . G.8
() < 9w Wt Jp+ M? (G-8)

For ¢ # 0 integration in (G.7) can be easily done using Cauchy’s theorem, resulting in

FO(r) =

20+d—2 (MO (—iwa()e 207 MO (—iwp(0))e=s
(d—2)Qq-1 2wa({) 2wp(0)

for 7 > 0, and

FO(r) = 20+d—2 (MO (iwa(l))e” _ MO (iwp())e” 1
(d—2)Q_1 2w A (z) 2wp (f) w%(0) — wi(¢)
(G.10)
for 7 < 0. The same result can obviously be obtained directly from (3.44). Indeed, say for

71 < To computing non-zero spin contribution to time ordered correlator we get

(n|r(r2)r(r1)n)e

Je =Wl _sm-nl | WBO” — Tty irym] L
— w T2—T w T2—T. Y*Y*a
(mw>e T () € FO =0 & o
(G.11)
which upon using (G.6) and (see [36])
SNk (= 204+d—-2 _(a/2-1) .
Yom Y, = 12
%: o (711) Yo (7i2) = D Gl (1 - 7ig) (G.12)

reproduces (G.9). Similarly, we can compute r7m and 77 components of the propagator.
Dealing with £ = 0 modes is somewhat more subtle. The difficulty is that apart from

the gapped mode corresponding to (B, B ) there is also the gapless mode 7, p,, for which

prln) =0, (G.13)

and which does not have the Fock space structure. It does not present a problem for (rr),
indeed using (3.44) we get

1

E— - G14
205 (0) 21 (G.14)

(n[r(r2)r(T1)n)o =
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which is consistent with (G.9) and (G.10). On the other hand considering correlators linear
in 7 is problematic. However, that is not an issue, for in all instances the field = appears
only in the exponent,?? hence, we need only to worry about correlators involving e™(7)/f.
For instance, using Baker-Campbell-Hausdorff formula we obtain (for 7 < 0)

2
Comparing with the naive expectation
(=i O/ F gim(M)/Fy — 1 4 DQ(\Tng DY) (0) Lo, (G.16)
it is consistent to define (compare with (G.9) and (G.10))
_ A —wp(0)|r
F,E?T) (1) =— ! 2922%0) || + wiBM(QO) QSB(S;(;;LL + const. (G.17)
Similarly, computing (e~"(0)/f1(0)e™(7))q allows to define
FO(r) = sign(T)w]Qil(LO) e_:zz(_ol)h + const. (G.18)
H 3-pt function computation
We start from
(nl (66) 0. 2ln) = 5 (nlf* +2r(0, ) + (0, 7g) ) (1.1)

and then expanding around the saddle, we get for the expectation value of bare fields

/\f27“3
4

@ﬂ(¢¢)Uxﬁdﬂn>::{;——<raLﬁdX/deQd_1%{aﬂﬁ_4ur%h+

1 .
>+2<r2<o,nd>>.
(H.2)
Here as in section 5, the symbol p refers to p4(An,d). One must keep in mind that m, f,
Jo, wa,g(€) are functions of d, p and n. The symbol p, will refer to pa(Ain,4). Using the

22Bear in mind that # is defined on a compact space (circle), since charge is quantized. As such, the
corresponding canonical momentum p, is defined only on the space of periodic functions. Otherwise p, is
not Hermitian. Indeed, the following relation holds

/ wwﬁn4@Mﬁn:/ 47 (7) (05 )" 1 (),

27

only if 1o ()11 (7) .

=0, i.e. for periodic functions ; (7).
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propagator (G.3) we compute contractions for terms without spatial derivatives

[ =3 | [ 20 [i PO ”(1)1 (H3)
=0
/<r17'r2r§> — 2041 { drF,S,‘?)(T)] [i F,Sf) d/2 1) ]
=0
+ Qg1 [/drFﬁg)(T)} [00 FO(0 C(d/2 1) ] (H.4)
=0
/<r17’r§r2> — 2041 { dTFﬁQ)(T)] [‘X’ £0(0) d/2 1) ]
=0
alforzi] rmostal. s
£=0
/ (r¥) — [ff F?«(f)(O)C(d/Q_l)(l)] , (H.6)
=0

where indices indicate evaluation point, for example r1 = r(71,71). For the last term

/géj(rlamgajmm) (H7)

in order to find contraction of two fields at the same point it is necessary to introduce a
splitting, compute derivative(s) and then consider the limit. For example
<7”23i7r2> hm 8 Dﬂr((), ﬁIQ . ﬁz) = 0, (HS)
n2—>n2
which vanishes since 7 - Mg is maximal for 75 = 7i3. Similarly, using the chain rule and the
same argument we show

D 00)| (@) @) (19)

<ai7T23j7T2> = H/liInﬂ az{ajDﬂﬂ-(O,ﬁé fig) = . ,
15—l €T =1

and one can show, for example by choosing specific coordinates on the sphere, that

g;j(azﬁg) . (8]7_7:2) =d-—1. (HlO)
Using (see [35], eq. (18.9.19))
%079) (z) = 2200V (@), (H.11)

and (see (G.6))

(d/2) (d/2-1) i
Cy () =G (1) (d—1)(d—2) (H.12)
we obtain
/g;] <7’18i7728jﬂ-2r2> — Qdfljg |:/ dTFTgE)) (T):| [Z F;Q (O)Céd/Q—l)(l) . (ng)
/=0
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For what follows we will need explicit expressions

PO — e—wn (0] (H.14)
QQd 1(.03(0) ’
wp(0)]r]
POy = Be H15
1
FO0)= ——— H.16
20+d—2 wp(O)wa(l) + Jy
FY(0) = , (40, H.17
(0) Qa_1(d —2) 2w (O)wa(l) [wa(£) + wa(0)] 7 (H17)
20+d—2 wp(O)wall) + Jp + 2(u? —m?)
FY(0) = , 040, H.18
O = 00— 2) 20n(Owa@ wn(d) +wa0] 7 (H18)
FO@) =" H.19
ar (0) Q1 w0n(0) (H.19)
. 20 +d—2 i
EY(0) = , (40, H.20
EO(0) = L (H.21)
w - Qd—l LL)B(O)’ ’
. 204+d—2 w2(0) +wi(0) +wp(O)wall) — Jp — 2(u? —m?)
EY(0) = + A . 040, (H.22
= (0) Qu1(d—2) 2 [wp(l) + wa(0)] 70, (H.22)
and integrals
/ drF ! (H.23)
TF , .
Qd IWB(O)
2i1
drF . H.24
/ ’ T Q01 w50) (H.24)
We obtain
20 o (0 (d/2—1)
n|éd(0,71q)|n FO©0)C? (1)~ EQ(0)C 1
<\<dﬂ>%ml Z -3y 2 OG0
1 & _
+— EIVﬁMn—&E@mﬂcfﬂlkn. (H.25)
wB(O) /=0
Which can be further simplified with
wE(OWA () = JZ 4 2Jo(p* —m?), wh(l) +wi(0) = 2(Jp + 3u* — m?) (H.26)

leading to

<wwmmm>

1 20+d—2 a-1),, we(Owall)(3u +m?) — Jo(u® — m?)
*Z DT TR O R ey v ey
(H.27)

2/~LQd 1
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Denoting the summand in (H.27) by

SZ(:UH m, d)
] H.28
(d—2)Qq-1 (H.28)
and considering its asymptotics at £ — oo
SE(:UH m, d) ’ = 6*1(/‘7 m, d)éd_g + CO(/"a m, d)gd_4 + Cl(/"» m, d)gd_5 T (H29)
—00
we get
(nl(66)(0, Aa)|n) = . (H.30)
T 900 (O + 0M)n, d) '

! 3 d-3
+ A= 2)0, {So(,u,m,d) + Z:l {Sg(u,m,d) c—1(p,m,d)l

= copm, )¢ = ea(ja,m, )|

+ 671(/.1, m, d)C(s - d) + CO(/% m, d)C(4 - d) + Cl(/'bv m, d)C(5 - d)}

)\*
where we put explicit dependence of p4 on the 1-loop coupling counterterm, with
5(0:)? 1
O\ =  E— H.31
1672 4 —d’ ( )

and 1-loop terms don’t need any counterterm corrections at this order. The renormalized
coupling is denoted by A, which at this stage is considered as independent of the dimension.
Expanding the first term in A and other terms in 4 — d, keeping only O(1) terms (these are
the only ones that are needed at this order), leads to

- R n 502 1 n ou

T (d_Ql)Qd_l <R(u*) + W + 17 (f, 1)) }A

*

where we introduced

> c1(p, 1,4
R(/’L) = SO(M? 174) + Z |:SZ(/J’7 174) - C—l(ﬂﬂ 174)£ - C()(,U, 174) - 1(%):|
/=1
+ e, LA)C(=1) + colp, 1, 4)C(0), (H.33)
and ( )
c ,m
er(pm. d)((5 —d) = T e p(u,m), (H.34)
d—4 4 —d
with
m? + 2m* + p? — 3m?p? — pt
— H.
c1p(p,m) 3032 = m?) ) (H.35)
12m* — 5% — 6u* — m2(18u? + 5)
crr(p,m) = 12032 = m?) . (H.36)
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In the theory at hand, equation (3.24) takes the form

2 2 n
—m = . H.37
g EPer (H.37)
This implies
ou n
o H.38
ON  AQq_1(3p2 — m2)’ (H.38)
which yields
" n 5 1 A2n?
a)ln) = - H.
(nl(@6)(0, 1a)n) {2MQd—1 1672 1= 8072 (3% — i) (H.39)
1 crp(p,m)
17 oo * - 4 *9 1 .
T d—2% (R(” R .
Taking into account normalization (5.5) and expanding in A\ we get
Mo = 25 (nl(6)(0,70)In ) (H.40)
n(d — 2) An(d —2) An(d —2)
{ 2u 167m2pu(4 — d) 3272 p (147 +logm)
51 \2n? 1, m)
- )+ 1
o2 1= d 8 2oy — ) T R o el D

Using (H.37) to substitute An, we can gather the three order ﬁ terms, then expand u, m
and 4_1 in 4 — d to show cancellation of divergences and get a finite part

1 ((d=2)Qq 1 (p* —m?®)  5Q4-1(d = 2)(p* —m?)?
4—d 42 B 872(3u2 — m2) + c1p(p,m)
dst 2(p2+1) — (v +logm) (ud + 2u2 — 3)
= 162 - 1) . (H.41)
Some v + log 7 appeared from
1 001 1
— == 1 —1). H.42
0 0d |y 5 (v +logm —1) (H.42)
We can as well substitute An in the term
An(d — 2 21
M(1+7+logﬂ) =4 M*T(l—kfy—i—logw). (H.43)

We see there is not yet full cancellation of v+ log 7 terms. The reason is the very first term,
which is enhanced by n, contains p(A.n, d) which we still have to expand in 4 — d, bringing
n(4 — d) contributions at NLO. To this end, we can express the derivative of p with respect
to d from (3.24)
ou L 1
1— (1)

op _ _ - H.44
od d=4 3#2 —1 Qg ( )

01 ]
od

d=4
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and use (H.42). This yields

n(d=2) _n (@A—dn(Ei-1)@2+7y+logm)
2u o 20 (3p2 — 1)

(H.45)

Now that ﬁ poles have cancelled and everything has been expanded to relevant order in
4 — d, we can take the theory at the fixed point (1.2). This yields for the previous equation
nd—2) n 5(u2-1)° (247 +logm)

2 pe A(3p2 — 1) (H.46)

Putting everything together, we notice all v+ log 7 terms cancel, and we get the final result

no2u =T +3

T 2epo1) T ) Fer(e ). (H.47)

Ao =
Plugging explicit expressions from (H.33) and (H.36) results in

no 2(3u2 +1) 3ut —2pu2 43

- c1(ps)
Ay = — + { (ps) = c—1(ps )€ — copes) — ;
0 e pBu2 - PR 2Bp2-1) ; )t = colp) = =
(H.48)
where we noted
Se(p) = Se(p, 1, 4), ci(p) = ci(p, 1, 4). (H49)

I Feynman diagram computation of A g«

We compute diagrammatically the one-loop anomalous dimension of (¢¢)* in the-
ory (1.1). We consider the MS renormalization of operators in the following momentum-
space correlator:?3

(60) 6) -+ 0(p) ) = Zggp 235 (60)*] [B1(p) - [6)(p) ), (L1)

where there are k insertions of field ¢(p) and ¢(p). The field renormalization factor Zg
has no one-loop contribution so we consider it equal to 1. The bare (q3¢)k operator
is normalized:

® = 1. (1.2)

We do not draw exterior lines in the diagrams.
There are three diagrams at one-loop level, of which we compute the divergent part:

(1.3)

%To be more precise, the operator (¢¢)* mixes with other operators [37]. However, since this operator is
a primary of the critical theory, the mixing cancels in that case. This means we can neglect the mixing
when diagramatically computing the anomalous dimension off-criticality.
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Summing all diagrams yields

A k(3K — 1)A

((@0)°0(p) -+ 6(p) - ++) = 1 = == + O, 27), (I.4)
from which we get
k(3k — 1)\
4%%21_(MW%)+0“%' (1.5)

The one-loop anomalous dimension is then given by

Olog Zig2 _ k(3k —1)A 2

At the Wilson-Fisher fixed point (1.2) the dimension is

§@5196+0@%. (1.7)
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